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HYDROPROCESSING OF HEAVY HYDROCARBON FEEDS

FIELD OF THE INVENTION

(6081} This invention is directed to a process for producing a hydroprocessed

product froro residua or heavy hydrocarbon feeds.

BACKGROUMD

16802} Crude ol 1s typically distiled to produce a variety of components that can be
used directly as fucls or that arc used as feedstocks for further processing or upgrading.
In what 1s known as atmospheric distillation, a heavy residuurm is produced typically that
has an initial boiling point of about 650°F (343°C). This residunm is typically referred

to as atmospheric residuum or as an atmospheric residuum fraction.

6603} Atmospheric residuum fractions tend to collect a relatively high quantity of
various metals, sulfur coraponents and nitrogen coraponcuts relative to the lighter
distillation fractions as a result of the distillation process. Because these metal, sulfur
and nitrogen components are relatively undesirable in various fuels, they are typieally

reroved by various catalytic hydroprocessing techniques.

[6064] In some nstances, the atmospheric residoam s further distitled under
vacium, 1.¢., at a pressure below atmospheric pressure, to recover additional distillation
fractions. At vacuurn conditions, additional lighter fractions can be recovered without
adding to various problems encountered in atmospheric distillation such as coking of the
heavy fraction components. The heavy residunm recovered in vacuum distiliation of the
atmospheric residuum is typically referred to as vacuum residuum or a vacuum residuum
tfraction, and typically has an mitial boiling point of about 1050°F (566°C). This vacuum
residuum is generally higher in metals, sulfur components and nitrogen components than
atmospheric residunm, and as was the case with atmospheric residuum, removal of these

coraponents can be carried out by catalytic hydroprocessing.
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[B095] Catalytic hydroprocessing of atroospheric and vacuur residua 18 carried out
in the presence of hydrogen, using a hydroprocessing catalyst. In some processes,

hydroprocessing of residua is carricd out by adding a diluent or solvent.

[(086] U.S. Patent No. 3,617,525 discloses a process for removing sulfur from a
hydrocarbon fraction having a boiling pownt above about 650°F (343°C). In carrying out
the process, the hydrocarbon fraction is separated into a gas oil fraction having a boiling
point between about 650°F (343°C) and about 1050°F (566°C), and a heavy residuum
fraction botling above about 1856°F (566°C). The gas oil fraction is catalytically
hydrodesulfurized until the gas ol fraction contains less than 1 percent sulfur. The
hydrodesulfurized gas oil is then used to dilute the heavy residoum fraction, and the
diluted heavy residunm fraction is catalytically hydrodesulfurized, producing fuels or
fuel blending components reduced in sulfur content. The process is considered to
provide an increased catalyst life and to use a smaller reactor volume compared to typical

ProCesses.

[6087] U.S. Patent No. 4,302,323 discloscs a process for upgrading a residual
petroleum fraction in which the restdual fraction is mixed with a light cycle oil and
hydrogen and the mixture sent through a catalytic hydrotreating zone containing a
hydrotreating catalyst and then a hydrocracking zone containing a hydrocracking
catalyst. Upgraded products are then separated from the effluent of the hydrocracking
zone. The hight cycle oil boils in the range of from 400°F (204°C) to 706°F (371°C), has
a high aromatic content, and is high in nitrogen. It 18 considered that the light cycle oil
acts roore as a diuent rather than as a hydrogen donor and that the addition of the light
cycle oil resuited in a substantial increase in the yield of premivm products such as

distitlate {uels.

[6008] U.S. Patent No. 4,421,633 discloses a combination hydrodesulfurization and
hydrocracking process. The feedstock can be atmospheric residuum or vacuum
residuurm, which is mixed with a solvent that is a recycled distillate boiling at about
400°F-T00°F (204°C-371°C), considered to be cquivalent to a FCC light eycle oil. The
process uses a mixture of large pore and small pore catalysts such as large pore and small

pore sulfided Ni-W catalysts. The large pore catalyst has a median pore diameter of
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180 A, while the small pore catalyst has a median pore diameter of about 60 A with no
pores larger than 80 A, The process converts the higher boiling point residua to lower
boiling point hydrocarbons by forming distillate and naphtha while removing
heteroatoms, metals and carbon residuals from the higher boiling point residua. ¥ is
noted that the description also includes examples where no solvent 1s used. The
desulfurization activity in examples without solvent appears to be comparable or superior

to the desulfurization activity for the examples that include a solvent.

[3309] U.S. Patent No. 4,585,546 describes a method for hydrotreating petroleum
heavy ends in aroruatic solvents with large pore size alumaina. The methods mclude
processing resids mixed with a solvent such as ortho-xylene or a light cycle otl at 1000
psig (5.5 MPag) and 350°C. The resids were hydroprocessed in the presence of cither a
commercial hydrodesulfurization catalyst with a median pore sizeof 70 A to 80 Aora
hydrodesulfurization catalyst with an alumina support having a median pore size of
about 220 A. The larger pore catalyst was shown to have higher activity for metals
removal and comparable activity for sulfur removal as compared to the smaller pore

catalyst.

[60106] There 18 a need to further develop processes for hydroprocessing heavy
hydrocarbon oils to produce fuel grade products. It is also particularly desirable to
provide hydroprocessing processes with improved selectivity to desired products. For
exaraple, it is desirable to provide hydroprocessing processes that crack molecules
boiling at or above 1050°F (566°C) (alse referred to as a “1050°F+ (566°C+) fraction”
herein) into molecules boiling below 1050°F (566°C) (also referred to as a “1050°F
{566°C } fraction” herein}, while minimizing the formation of “C4 7 hydrocarbon
compounds (L., hydrocarbou compounds having four carbons or less), and coke

byproducts.

SUMMARY OF THE PREFERRED EMBODIMENTS OF THE INVENTION

[BG11] In various aspects, systems and methods are provided for hydroprocessing of

heavy o1l feeds. In one aspect, a process for producing a hydroprocessed product
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wcludes exposing a combined feedstock comprising a heavy oil feed coroponent and a
solvent component to a hydroprocessing catalyst under effective hydroprocessing
conditions to form a hydroprocessed cttiuent, the cftective hydroprocessing conditions
including a partial pressure of hydrogen of about 1000 psia (6.9 MPa) or less, such as
800 psia (5.5 MPa) or less, a temperature of at least about 360°C, such as about 380°C to
510°C, and optionally at least about 420°C, and a liquid hourly space velocity of the
fraction of the combined feedstock boiling above 1050°F (566°C) of at least about .10
i, such as at least about 0.12 br''; separating the hydroprocessing effluent to form at
least a hiquid effluent; and fractionating a first portion of the liquid effluent to form at
least a distillate produact and a bottoms product, the bottoms product having an ASTM

D6 10% distiliation point of at least about 600°F (316°C).

(6012} The solvent can be in the form of an added solvent, in the form of a recycled
portion of the liquid effluent from hydroprocessing, or a combination thereof.
Optionally, a portion of the bottoms product, such as a second bottoms product from a
reduced pressure distillation, can be processed via solvent deasphalting to form a

deasphalied ol fraction and a deasphalting residue or asphalt fraction.

[6613] In sorae embodiments, hydroprocessing conditions effective for conversion of
at least about 90% of the feedstock relative to a conversion temperature of 1050°F
{566°C), including a hydroprocessing temperature of at least about 420°C, can be used to
form a bottorus product with an increased amount of wax relative to the feedstock. In
still other embodiments, hydroprocessing conditions effective for conversion of at least
about 80% of the feedstock relative to a conversion teraperature of 1050°F and for 75%
desulfurization of the feedstock can be used to form a bottoms product having a suifur

content of about 1 wi% or less.

[6014] In another aspect, a process for producing a hydroprocessed product includes
exposing a combined feedstock comprising a heavy ol feed component and a solvent
component to a hydroprocessing catalyst comprising a Group VI non-noble metal and a
Group VI metal and having a median pore size of about 85 A to about 120 A, such as

85 A to about 100 A, under effective hydroprocessing conditions to form a

hydroprocessed etfiuent, the cffective hydroprocessing conditions including a total
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pressure of about 1500 psig (10.3 MPag) or less, such as a hydrogen partial pressure of
about 1000 psia (6.9 MPa) or less, and a Hiquid hourly space velocity of the fraction of
the combined feedstock boiling above 10650°F of at least about 0,10 hr'', such as at least
about 0.12 hr™'; separating the hydroprocessing effluent to form at least a Hquid effluent;
and fractionating a first portion of the liquid effluent to form at least a distillate product
and a bottoms product, the bottoms product having an ASTM D86 10% distillation point
of at least about 600°F (316°C). The effective hydroprocessing conditions can also
melude a teroperature of at least about 360°C and/or less than about S10°C, such as about

380°C to about 460°C.
[6815] In various aspects where the solvent component inchudes a recycle

component, the ratio of the heavy oil feed component and the recycle component can be

froma about 9.3 to about 6.0, such as from about 0.5 to about 5.0.

BRIEF DESCRIPTION OF THE DRAWINGS

[6016] The attached Figures represent alternative embodiments of the overall
invention, as well as comparative examples. The Figures pertaining to the invention are
witended to be viewed as exemplary embodiments within the scope of the overall

invention as claimed.

[68317] FIG. 1 shows a first preferred configuration of the process of the invention for

performing hydroprocessing on a heavy oil feed.

[G818] FIG. 2 shows a second preferred configuration of the process of the invention

for performing hydroprocessing on 4 heavy oil feed.

[6019] FIG. 3 shows a third preferred configuration of the process of the invention

for performing bydroprocessing on a heavy oil feed.

[6028] FIG. 4 shows a tourth preferred configuration of the process of the invention

for performing bydroprocessing on a heavy oil feed.
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DETAILED BESCRIPTION

Overview

16021 In various aspects according to the invention, processes are provided for

producing a hydroprocessed product. The process is capable of treating residua or heavy
hydrocarbon otls to produce a hydroprocessed oil product that has reduced sulfur,
nitrogen, metals and “1050°F+ (S66°C+) corponents” (L.e., components that boil at
1030°F (566°C) and above) relative to the heavy ol In some aspects, processing of
heavy oils 1s facilitated by recycling a portion of the total hquid efflucut from conversion
of the heavy oil for use as a solvent as part of the input to the beavy oil hydroprocessing
reaction. In other aspects, processing of heavy oils is facilitated by using a separate
solvent as part of the tnput to the heavy oil hydroprocessing reaction. In still other
aspects, the solvent component contains at least one single-ring aromatic compound. In
aspects where the solvent component containg at least one single-ring aromatic
compound, the solvent component preferably has an ASTM DR 10% distillation point

of at least 120°C (248°F) and 8 90% distiation point of not greater than 300°C (5372°F).

6622} Depending on the embediment, various advantages can be achieved
according to the invention, One difficulty encountered during heavy oil processing 18
short catalyst lifetimes. Due to the nature of heavy oil feeds, conventional processing of
heavy oil feeds tends to result in coking of hydroprocessing catalysts. Heavy oil feeds
also typically contain high concentrations of metals that can further contribute to
deactivation of hydroprocessing catalysts. In order to overcorne these difficulties,
catalysts with large pore size supports have been used conventionally for processing of
heavy feeds, such as catalysts with pore sizes of 150 A or more, as such catalysts are
believed to provide superior lifetime. Part of the enhanced lifetime of these larger pore
catalysts was belicved to be due to the ability of such catalysts to remove metals from a
heavy oul feed while avoiding concentration of such metals at the surface of the catalyst.
Additionally, high partial pressures of hydrogen have been used to mitigate the

deposition of coke on the catalyst.
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13823} In various aspects of the present invention, hydroprocessing with improved
catalyst lifetime can be performed by incorporating a solvent into a heavy oil feed. By
using the solvent, the feed can be hydroprocessed in the presence of 4 hydroprocessing
catalyst at temperatures of at least about 360°C and at hydrogen partial pressures of
about 1000 psig (6.9 MPag) or less, such as about 800 psig (5.5 MPag) or less. During
hydroprocessing under these reaction conditions, reactions associated with thermal
cracking can also take place in the reaction environment. Conventionally, such reaction
conditions would lead to severe coking of a catalyst, resulting 1o short catalyst hifetiroe,
Use of a suitable solvent allows for extended catalyst lifetime while processing under

such hydroprocessing conditions.

[6024] Additionally or alternately, in some aspects of the present invention methods
are provided for achieving a desired level of desulfurization and removal of other
contaminants from a feed while reducing the amount of aromatic saturation. This allows
for increased contaminant removal without a corresponding increase 1o consuroption of

hydrogen by molecules with low hydrogen to carbon ratios.

6625} Conventionally, processing of heavy oil fractions has required processing at
hydrogen pressures of at least 1500 psig (10.3 MPag) and a large ratio of hydrogen treat
gas to feedstock flow. Under these conditions, hydrogen can be consumed by a variety
of side reactions that may not be desirable. For example, some polynuciear aromatic
(PNA) cores have a low ratio of hydrogen to carbon, and a substantial hydrogen
investment is required to convert such PNA cores to distillate or naphtha fuels. More
generally, the excess of hydrogen requived under typical conditions resulis 1 sataration
of a variety of aromatic molecules that may not need hydrogenation to be included in a
beneficial product fraction. As a result, the consumption of hydrogen during
conventional processing of heavy oils can be high relative to the stoichiometric need for
desired reactions. By reducing the amount of arornatic saturation that occurs at a given
fevel of feed conversion, the ratio of hydrogen consumed by desired reactions versus
hydrogen consumed by side reactions can be increased. In some aspects, the decrease in
the relative amount of aromatic saturation is facilitated by use of a small pore

hydroprocessing catalyst,
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13826} Iu still other aspects, rocthods are provided for separating out molecules with
low hydrogen to carbon ratios from higher value molecules at reduced levels of
conversion of the heavy componcents. In a typical heavy oil foedstock, a portion of the
heavy otl feedstock can correspond to molecules with high molecular weight and low
hydrogen to carbon ratios, such as asphalienes or other polynuclear aromatics. These
fess desirable molecules, however, have similar boiling ranges to some molecules that
arc desirable from a processing standpoint, such as molecules with higher hydrogen to
carbon ratios, Oune method for recovering the desirable molecules s to subject a heavy
ol feed to hydroprocessing conditions capable of converting a high percentage of the
HOSO°F+ (566°C+) portion of the feed, such as conditions suitable for converting at least
80 wtdo of the 1050°F+ (566°C+) portion of the feed to components with a boiling point
of less than 1050°F (566°C). Under these severe hydroprocessing conditions, the more
desirable molecules can be converted to lower boiling point species, but typically at the
cost of subjecting the entire feed to more severe conditions. This additional severity can
fead to both over-conversion of desirable products to lower value species, excess
consumption of hydrogen by aromatic saturation of less desirable molecules, and rapid
catalyst deactivation. Conventionally, low value molecules are removed from a fraction
containing higher value molecules by converting a large percentage of the low value
molecules via addition of hydrogen, such as conversion of at least about R0 wi% of the
component compounds in the feed that have boiling points of 1050°F (566°C) or greater.
The remaining unconverted portion of the feed, containing privoarily lower value
compounds, can then be separated out as a bottoms portion during a fractionation. While
this increases the hydrogen content of the low value molecules, it 1s often an undesirable
process in terms of the amount of hydrogen (and other costs) required to upgrade the low

valuc molecules in comparison with the resulting value of the upgraded molecules.

16827} In contrast to conventional methods, various aspects of the invention
escribed herein allow for hydroprocessing of a feed to achieve a lower level of
conversion, such as conversion of about 50 wt% to about 70 wi% of the portion of the
toed that boils at 1030°F (566°C) or greater. This reduces the number of low value
molecules that are upgraded using hydrogen. Instead of performing further feed
conversion to capture the romaining higher value (i.c., higher hydrogen to carbon ratio)

molecules while rejecting the lower value molecules, the unconverted portion of the feed
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1s then exposed to a solvent deasphalting process. This allows for separation of
molecules with low hydrogen to carbon ratios as the residual side product from the
deasphalting process. The hydrogen to carbon ratio of the rmolecules in the residual side
product from deasphalting can be similar to the hydrogen to carbon ratio of the bottoms

product from a higher severity hydroconversion process.

6628} Additionally or alternately, in some aspects processes are provided for using
srall pore hydroprocessing catalysts for hydroprocessing of the heavy ol
Hydroprocessing catalysts with median pore diameters of about 85 A to about 120 A
have conventionally been used for hydroprocessing of lower boiling feedstocks, such as
distiitate feeds. However, such smaller pore catalysts have not traditionally been used
tor heavy oil processing due to poor catalyst lifetimae and difficulties with plugging of
catalyst beds in fixed bed reactors. By recycling a portion of the total liguid effluent
from hydroprocessing of the heavy oil and/or using a suitable solvent, it has been
discovered that smaller pore catalysts can be used while maimtaining improved catalyst

lifetimes for the processing.

6629} In yet other aspects of the invention, processes are provided that allow for
creation of beneficial products from hydroprocessing of a heavy ol fraction. For
example, a heavy otl fraction can be hydroprocessed and then fractionated to form a
bottorns fraction that is enriched in wax. Such a product can be suitable, for example, for
use as a feed in a wax production plant. This can allow a less valuable bottoms product
to be used in place of a {typically) more valuable vacuum gas oil product as the feed for

wax production.

[6036] As still another example, a heavy oil fraction can be hydroprocessed to
produce a low sulfur fuel oil. Historically, little or no restriction has been placed on the
sulfur content of bunker fuel or fucl oil. This allowed heavy oil fractions with sulfur
contents as high as 4 wt% or 5 wi% to be sold as fucl oils. However, current and future
regulations may restrict the sulfur content of fuel otls to lower values. Duce to such
tighter sultur content restrictions, fuel oils with reduced sulfur contents will becore
increasingly valuable. In some embodiments, processing a heavy oil fraction according

to the invention can allow for production of a bottors fraction from a vacuum tower into
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a fuel oil, or more specifically a Bunker C Fuel O], with a sulfur content of less thau
about I wt%, or even less than about 0.1 wt%. Such a low sulfur fucl oil is valuable for
use as a fuel or for blending with other fucl o1l fractions to reduce the overall sulfur
content of a blend of fuel oil fractions. Bunker C Fuel Oils are typically used as
marttime shipping fucls and arc heavy fucls that typically have a wide distillation range
of about 575 to 1500°F (302 to 816°C), with usually more than about 75 wi% boeiling

above about 750°F {(399°C).

Definttions

{6631 In order to clarify the description of the joveuntion, the following definitions
are provided. The following definitions should be applied throughout the description

herein unless otherwise specified.

[3632] In some embodiments of the invention, reference is made to conversion of a
feedstock relative to a conversion temperature T. Counversion relative to a temperature T
is defined based on the portion of the feedstock that boils at a temperature greater than
the conversion temperature T. The amwount of conversion daring a process {or optionally
across nutltiple processes) is defined as the weight percentage of the feedstock that is
converted from boiling at a teraperature above the conversion temperature T o boiling at
a temperature below the conversion temperature T. For example, consider a feedstock
that includes 40 wi% of components that boils at 1050°F (566°C) or greater. By
definition, the remaining 60 wit% of the feedstock boils at less than 1050°F {(566°C). For
such a feedstock, the amount of conversion relative to a conversion temperature of
T050°F (566°C) would be based only on the 40 wt% that initially boils at 1050°F
(566°C) or greater. If such a feedstock 1s exposed to a process with 30% conversion
relative to a 1050°F (566°C) conversion temperature, the resulting product would include
72 wt% of components botling below 1050°F (566°C) and 28 wt% of components

boiling above 1050°F (566°C).

6033} In various aspects of the invention, reference may be made to one or more
types of fractions generated during distillation of a petroleum feedstock. Such fractions

may include naphtha fractions, kerosene fractions, dicsel fractions, and vacuum gas oil
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fractions. Each of these types of fractions can be defined based on a boiling range, such
as a boiling range that includes at least 90 wt% of the fraction, and preferably at least 95
wt% of the fraction. For example, for many types of naphtha fractions, at least 90 wi%
of the fraction, and preferably at least 95 wt%, can have a boiling point in the range of
85F (29°C) to 350°F (177°C). For sorac heavier naphtha fractions, at least 90 wt%% of
the fraction, and preferably at least 95 wit%, can have a botling point in the range of 85°F
(29°C) to 400°F (204°C). For a kerosene fraction, at least 90 wit% of the fraction, and
preferably at least 95 wit%, can have a boiling point in the range of 300°F (149°C) o
600°F (288°C). Alternatively, for a kerosene fraction targeted for some uses, such as jet
fuel production, at least 90 wi% of the fraction, and prefevably at least 95 wit%, can have
a boiling point in the range of 300°F (149°C) to 550°F (288°(C). For a diesel fraction, at
least 90 wi% of the fraction, and preferably at least 95 wit%, can have a boiling point in
the range of 400°F (204°C) to 750°F (399°C). For a vacuum gas oil fraction, at least 80
wi% of the fraction, and preferably at least 95 wit%, can have a boiling point in the range
of 650°F (343°C) to 1100°F (593°C). Optionally, for some vacuum gas oil fractions, a
narrower boiling range may be desirable. For such vacuurm gas oil fractions, at least 90
witts of the fraction, and preferably at least 95 wt%, can have a boiling point in the range

of 650°F (343°C) to 1000°F (538°C).

Heavy Oil Feed

(6634} In various aspects, a hydroprocessed product is produced from a heavy oil
feed component. Examples of heavy oils include, but are not limited to, heavy crude
otls, distillation residues, heavy oils coming from catalytic treatment (such as heavy
cycle oils from fluid catalytic cracking), thermal tars (such as oils from visbreaking or
stilar thermal processes), oils (such as biturnen) from oil sands and heavy oils derived

from coal.

[6635] Heavy oils can be liguid, semi-solid, and/or solid. Additional examples of
particular heavy otls that can be hydroprocessed, treated or upgraded according to this
wvention include Athabasca bitumen, vacuur resid from Brazilian Santos and Campos
basins, Egyptian Guif of Suez, Chad, Venezuelan Zulia, Malaysia, and Indonesia

Surnatra. Other exarmples of heavy ol include residunm from refinery distillation
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processes, mchuding atmospheric and vacuum distillation processes. Such heavy oils can
have an inttial ASTM DS6 boiling point of 630°F (343°C) or greater. Preferably, the
heavy otls will have an ASTM DE6 10% distillation point of at least 650°F (343°C},
alternatively at least 660°F (349°C) or at least 750°F {399°C). In some aspects the DR6
10% distillation point can be still greater, such as at least 950°F (510°C), or at least

1020°F (549°C), or at least 1850°F (566°C).

[B036] In addition to initial boiling points and/or 10% distillation points, other
distillation points may also be useful in characterizing a feedstock. For example, a
feedstock can be characterized based on the portion of the feedstock that boils above
T050°F (566°C). In some aspects, a feedstock can have an ASTM DR6 70% distillation
point of 1050°F (566°C) or greater, or a 60% distillation point of 1050°F (566°C) or
greater, or a 50% distillation point of 1050°F (566°C) or greater, or a 40% distillation

point of 1050°F or greater.

{6837} Still another way of characterizing a feedstock is by charactenizing the flow
rate of a portion of the foed relative to the amount of catalyst being used for processing
the feed. For example, the portion of a feedstock that boils at about 1050°F (566°C) or
above 18 often a more difficult portion of a feedstock to process. As a result, the practical
flow rate for a feedstock is influenced by the amount of the feedstock that boils above
1050°F relative to the amount of hydroprocessing catalyst. In some aspects, the liguid
hourly space velocity of the 1050°F+ (566°C+) portion of a combined feedstock
{(including both fresh feed and solvent) relative to hydroprocessing catalyst can be at
feast about 8.05 hr'l, such as at least about §.10 hr'l, or at feast about 0.12 hr"lﬂ or at least

about §.15 hr"i, or at least about 0.20 hr'.

[G838] Heavy otls can be relatively high in total acid number {(TAN}. TAN can be
expressed in ternms of mg of KOH per gof heavy oil. For example, some heavy
hydrocarbon oils that can be optionally hydroprocessed according {o this invention have

a TAN of at lcast 0.1, at least 0.3, or at lcast 1.

6839} Density, or weight per volume, of the heavy hydrocarbon can be determined

according to ASTM D287-92 (2006} Standard Test Method for API Gravity of Crude
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Petroleum and Petroleum Products (Hydrometer Methed), and 1s provided in terms of
APl gravity. In general, the higher the API gravity, the less dense the oil. API gravity is
at most 20° in one aspect, at most 15° in another aspect, and at most 10 in another

aspect.

[6040] Heavy oils can be high 1o metals. For example, the heavy oil can be high in
total nickel, vanadium and iron contents. In onc embodiment, the heavy il will contain
at least 0.00005 grams of Ni/V/Fe {50 ppm) or at least 0.0002 grams of Nv/V/Fe (200

ppm) per gram of heavy oil, on a total elemental basis of nickel, vanadium and tron.

[6041] Contaminants such as nitrogen and sulfur are typically found i heavy oils,
gften in organically-bound form. Nitrogen content can range from about 50 wppm to
about 6000 wppm cleruental nitrogen, or about 1000 wppm to about S000 wppm
clemental nitrogen, or about 200 wppm to about 3500 wppm, based on total weight of
the heavy hydrocarbon component. The nitrogen containing compounds can be present
as basic or non-basic nitrogen species. Examples of basic nitrogen species include
guinolines and substituted quinolines. Examples of non-basic nitrogen specics include

carbazoles and substituted carbazoles.

[6042] The invention 1s particularly suited to treating heavy oils containing at least
560 wppm clemental sulfur, based on total weight of the heavy oil. Generally, the sulfur
content of such heavy oils can range from about 500 wppra to about 100,000 wppm
elemental sulfur, or from about 1600 wppm to about 60,000 wppm, or from about 5000
wpprn to about 50,000 wppm, bascd on total weight of the heavy component. In
embodiments, the heavy oil feed component can contain at least T wi%, at least 2 wt%a,
or even at least 3 wit% sulfur. Sulfur will usually be present as organically bound sulfur.
Examples of such sulfur compounds include the class of heterocyclic sulfur compounds
such as thiophenes, tetrahydrothiophenes, benzothiophenes and their higher homologs
and analogs. Other organically bound sulfur compounds include aliphatic, naphthenic,

and aromatic mercaptans, sulfides, di- and polysuifides.



WO 2013/033288 PCT/US2012/052975
214 -

[6043] Heavy ouls can be high in n-pentave asphaltenes. o soroe aspects, the heavy
oil can contain at least about 5 wt% of n-pentane asphaltenes, such as at least about 10

wt% or at feast 15 wit% n-pentane asphaltenes.

Solvent

(844} In various aspects of the invention, the hydroprocessing of a heavy oil feed
component is facilitated by adding a solvent cornponent. Two types of solvent
components are contemplated in various aspects. One type of solvent component is a
solvent component that contains at lcast one single-ring aromatic ring compound, and
more preferably more than one single~-ring aromatic ting compound. The solvent 1s also
a low boiling solvent relative to the heavy hydrocarbon oil. By the term “single-ring
aromatic compound” as used herein, i 1s defined as a hydrocarbon corapound containing

only one cyclic ring wherein the cyclic ring is aromatic in nature.

[6045] For a solvent component containing at least one single-ring aromatic
compound, the solvent preferably has an ASTM D86 90% distillation point of less than
300°C (572°F). Aliernatively, the solvent has an ASTM DR6 90% distillation point of
less than 250°C (482°F) or less than 200°C (392°F). Additionally or alternately, the
solvent can have an ASTM DR6 10% distillation point of at least 120°C (248°F), such as
at least 140°C (284°F) or at least 150°C (302°F).

[6046] The single-ring aromatic compound or compounds tn particalar have
relatively low boiling points compared to the heavy hydrocarbon oil. Preferably, none of
the single-ring aromatic compounds of the solvent has a boiling point of greater than
550°F (Z88°(), or greater than 300°F (260°C), or greater than 450°F (232°C), or greater
than 400°F (204°C).

(6047} The single-ring aromatic can include one or more hydrocarbon substituents,
such as from 1 o 3 or 1 to 2 hydrocarbon substituents. Such substituents can be any
hydrocarbon group that is consistent with the overall solvent distillation characteristics.
Examples of such hydrocarbon groups include, but are pot himited to, those selected frora

the group consisting of C-Cy alkyl and C,-Cy alkenyl, wherein the hydrocarbon groups
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can be branched or linear and the hydrocarbon groups can be the same or different. A
particular example of such a single-ring aromatic that includes one or more hydrocarbon

substituents is frimethylbenzene (TMB).

[B048] The solvent preferably contains sufficient single-ring aromatic component(s)
to effectively increase run fength during bydroprocessing. For example, the solvent can
be comprised of about 20 wt% to about 80 wt% of the single ring aromatic component,
such as at least 50 wt % of the single-ring aromatic componcent, or at least 60 wt %, or at

feast 70 wt %, based on total weight of the solvent component.

(3849} The density of the solvent coraponent can also be determined according to
ASTM D287-92 (2006} Standard Test Method for AP Gravity of Crude Petroloum and
Petroleurn Products (Hydromcter Method) in terms of AP gravity, APT gravity of the
solvent component is at most 35° in one aspect, at most 30° in another aspect, and at

most 25° in another aspect.

G050 In other aspects of the invention, the solvent component can correspond to a
recycle streams of a portion of the liquid effluent or product generated from the
hydroprocessing reaction. The recycle stream can be a portion of the total liquid
effluent, or the recycle strearn can include a portion of one or more distillation fractions
of the liquid product from hydroprocessing. An example of a recycle stream
corresponding to a portion of a distillation fraction is g recycle stream corresponding to a

portion of the distillate boiling range product from hydroprocessing of the heavy feed.

{6051 Recycling a portion of the total hquid effluent for use as a solvent provides a
varicty of advantages. Because the recycled portion is a part of the total liquid effluent, a
separation does not have to be performed to recover the solveunt after hydroprocessing.
Instead, the output effluent from hydroprocessing can simply be divided to form a
product stream and a recycle stream. In some embodiments, fractionation of the total
tiquid product may not occur until after additional processing is performed, such as
additional hydroprocessing to remove contaminants or improve cold tlow properties.

Recycling a portion of the total liquid effluent means that fully hydroprocessed products
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are not recycled to an carly stage, which can ucrease the available processing volume for

later hydroprocessing stages.

[6052] Optionally, other portions of the hydroprocessed product may be recyeled o
addition to the portion of the total liguid effluent. For example, after withdrawing the
recycle stream portion of the total hiquad effhuent, the remaining portion of the total qued
cffluent may be separated or fractionated to form various fractions, such as one or more
naphtha fractions, one or more kerosene and/or distiliate fractions, one or more
atmospheric or vacuum gas oil fractions, and a bottoms or resid fraction. A portion of
one or more of these product fractions can also be recycled for use as part of the
combined hydroprocessing feed. For example, a portion of a kerosene product fraction
or distillate product fraction can be recycled and combined with the heavy ol feed and
the recyeled portion of the total liquid effluent to form the hydroprocessing feed. These
recycled product fractions, based on recycle of one or more fractions that have a
narrower boiling range than the total hquid product, can correspond to at least about 2
wt% of the combined hydroprocessing feed, such as at least about 5 wit% or at least about
10 wt%. Such recyeled product fractions can correspond to about 50 wt% or less of the
combined hydroprocessing feed, and preferably about 25 wt% of the combined

hydroprocessing feed or less, such as about 15 wit% or less or 10 wi% or less.

(053] One potential concern with using a product fraction as a recycle stream is the
possibility of further conversion of the recycled product fraction during hydroprocessing.
For example, a product fraction where 90 wt% of the product fraction boils in a boiling
range of 300°F (149°C) to 600°F (316°C) corresponds to a kerosene fraction. Further
conversion of this product fraction when used as a recyele solvent would result in
formation of additional components with botling points less than 300°F (149°C). Such
low boiling point components correspond to cither naphtha or light ends, which are
lower value fractions. Preferably, less than 10 wit% of a product fraction is converted to
components with a boiling point below the boiling range of the product fraction when
exposed to the hydroprocessing environment as a recycle solvent, and more preferably

leas than 5 wi% of a recycled product fraction undergoes conversion,
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[6054] In an aliernative aspect of the invention, the total liquid effluent froro the
hydroprocessing reaction can be fractionated, so that the only recycle inputs to the
hydroprocessing feed are recyeled portions from the product fractions. In this type of
aspect, the amount of recycled product fractions can correspond to at feast about 10 wit%
of the hydroprocessing feed, such as at least about 20 wt%. The amount of recycled
product fractions can correspond to about 50 wi% or less, such as about 30 wit% or less.
Suitable product fractions for recycle include kerosene fractions, distillate (including
diesel) fractions, gas oil fractions (including atmospheric and vacuum gas oils), and

combinations thereof

LHERRY The solvent component should be combined with the heavy hydrocarbon oil
component to effectively increase run length during hydroprocessing. For example, the
solvent and heavy hydrocarbon component can be combined so as to produce a
combined feedstock that is comprised of from 10 wit% to 90 wt% of the heavy
hydrocarbon oil component and from 10 wi% to 90 wi% of the solvent component, based
on total weight of the combined feed. Alternatively, the solvent and heavy hydrocarbon
component are combined so as to produce a combined feedstock that is comprised of
from 30 wt% to 80 wt% of the heavy hydrocarbon oil component and from 20 wt% to 70
witts of the solvent compouent, based on total weight of the combined feed. Insome
aspects, the solvent component is about 58 wt% or less of the combined feedstock, such
as about 40 wi% or less or about 30 wt% or less. In other aspects where at least a portion
of the solvent component corresponds o a recycled portion of the total hiquid effluent,

the solvent coraponent can be greater than 50 wit% of the combined feedstock.

LR Another way of characterizing an amount of feedstock relative to an amount
of solvent component, such as a recycle cornponert, is as 4 ratio of solvent component to
feedstock. For example, the ratio of solvent componeut to feedstock on a weight basis
can be at least about 0.2, such as from about 0.3 to about 6.0, and preferably at least

about 0.5 and/or iess than about 5.0 or less than about 3.0,

[B057] The solvent can be combined with the heavy hydrocarbon oil within the

hydroprocessing vessel or hydroprocessing zone. Alternatively, the solvent and heavy
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bydrocarbon oil can be supplied as separate strearns and combined into one feed stream

prior to entering the hydroprocessing vessel or hydroprocessing zone.

[G058] In still another option, nstead of feeding a solvent coroponent corresponding
to a recycled portion of the total lignid cffluent into a reactor from the reactor inlet, part
of the solvent may be fed to the reactor via interbed quench zones. This would allow the
solvent to help control reaction exothermicity {adiabatic temperature rise) and improve

the liguid flow distribution in the reactor bed.

Hvdroorocessing Catalysts

LHESQY! The catalysts used for hydroconversion of a heavy otl feed can mclude
conventional hydroprocessing catalysts, such as those that comprise at least one Group
VI non-noble metal {Columns 8-10 of IPAC periodic table), preferably Fe, Co, and/or
MNi, such as Co and/or Ni; and at least one Group VI metal (Column 6 of TUPAC periodic
table), preferably Mo and/or W. Such hydroprocessing catalysts optiovally 1nclude
transition metal sulfides that arc impregnated or dispersed on a refractory support or
carrier such as aluroina and/or silica. The support or carrier iself typically has no
significant/measurable catalytic activity. Substantially carrier- or support-free catalysts,
corroonly referred to as bulk catalysts, generally have higher voluroetric activities than

their supported counterparts.

[60606] The catalysts can either be 1n bulk form or in supported form. I addition to
alumina and/or silica, other suitable support/carrier materials can include, but are not
timited to, zeolites, titarua, sihica-titania, and titania-alumina. It s within the scope of the
invention that more than one type of hydroprocessing catalyst can be used in one or

multiple reaction vessels.

6061} The at least one Group VI non-noble metal, in oxide form, can typically be
present iy an amount ranging frow about 2 witS% to about 30 wi%, preferably from about
4 wt% to about 15 wt%. The at least one Group VI metal, in oxide form, can typically
be present in an amount ranging from about 2 wit% to about 60 wi%, preferably from

about 6 wt¥% to about 40 wt% or from about 10 wt% to about 30 wt%. These weight
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percents are based on the total weight of the catalyst. It is noted that under
hydroprocessing conditions, the metals may be present as metal sulfides and/or may be

converted metal subfides prior to performing hydroprocessing on an intended foed.

[3062] A vessel or hydroprocessing zone in which catalytic activity occurs can
melude one or more hydroprocessing catalysts. Such catalysts can be mixed or stacked,

with the catalyst preferably being in a fixed bed in the vessel or hydroprocessing zone.

[6063] The support can be impregnated with the desired wctals to form the
hydroprocessing catalyst. In particular impregnation embodiments, the support 1s heat
treated at teraperatures i a range of from 400°C to 1200°C (752°F to 2192°F), or from
450°C to 1000°C (842°F to 1832°F), or from 600°C to S00°C {1 112°F to 1652°F), prior

to impregnation with the metals.

[(064] In an alternative embodiment, the hydroprocessing catalyst is comprised of
shaped extrudates. The extrudate diameters range from 1/320d to /8™ inch, from 1720
to 1/10™ inch, or from 1/20™ to 1/16™ inch. The extrudates can be cylindrical or shaped.

Non-livaiting examples of extrudate shapes mchude trilobes and quadralobes.

[B065] The process of this invention can be effectively carried out using a
hydroprocessing catalyst having any median pore diameter effective for hydroprocessing
the heavy oil component. For example, the median pore diameter can be in the range of
from 30 to 1000 A (Angstroms), or 50 to 500 A, or 60 to 300 A. Pore diameter is

preferably determined according to ASTM Method D4284-07 Mercury Porosimetry.

[6066] In a particular embodiment, the hydroprocessing catalyst has a median pore
diameter in a range of from 50 to 200 A, Alternatively, the hydroprocessing catalyst has

a median pore diameter in a range of from 90 to 180 A, or 100 to 140 A, or 110 t0 130 A,

[6667] The process of this invention is also effective with hydroprocessing catalysis
having a larger median pore diameter. For example, the process can be effective using a
hydroprocessing catalyst having a median pore diameter in a range of from 180 to 500 A,

or 200 to 300 A, or 230 t0 250 A,



WO 2013/033288 PCT/US2012/052975

[3068] It is preferved that the hydroprocessing catalyst have a pore size distribution
that is not so great as to negatively imapact catalyst activity or selectivity. For example,
the hydroprocessing catalyst can have a pore size distribution in which at least 60% of
the pores have a pore diameter within 45 A, 35 A, or 25 A of the median pore diameter.
In certain cmbodiments, the catalyst has a median pore diamcter in a range of from 50 to
180 A, or from 60 to 150 A, with at least 60% of the pores having a pore diameter within

45 A, 35 A, or 25 A of the median pore diameter.

[B069] In some alternative ermabodiments, the process of this invention can be
effectively carricd out using a hydroprocessing catalyst having a median pore diaracter of
at least 85 A, such as at least 90 A, and a median pore diameter of 120 A or less, such as
105 A or less. This can correspond, for example, to a catalyst with a median pore
diameter from 85 A to 120 A, such as from 85 Ato 100 A or from 85 Ato 98 A, In
certain alternative embodiments, the catalyst has a median pore diameter in a range of
from 85 A to 120 A, with at least 60% of the pores having a pore diameter within 45 A,

35 A, or 25 A of the median pore diameter.

6876 Pore volume should be sufficiently large to further contribute to catalyst
activity or selectivity, For example, the hydroprocessing catalyst can have a pore

~r
i
1

volume of at least 0.3 cmy’/g, at least 0.7 cm’/g, or at feast 0.9 cm™/g. In certain
embodiments, pore volume can range from 0.3-0.99 cm’/g, 0.4-0.8 cm’/g, or 0.5-0.7

o /g,

(6071} In certain aspects, the catalyst exists in shaped forms, for exaraple, pellets,
cylinders, and/or extrudates. The catalyst typically has a flat plate crush strength ina
range of from 54-500 N/cm, or 60-400 N/cm, or 100-350 N/era, or 200-300 N/em, or
2203-280 N/em.

{6672} In sorne aspects, a combination of catalysts can be used for hvdroprocessing
of a heavy oil feed. For example, a heavy oil feed can be contacted first by a
demctallation catalyst, such as a catalyst inchuding NiMo or CoMo on g support with a
median pore diameter of 200 A or greater. A demetallation catalyst represents a lower

activity catalyst that is effective for removing at least a portion of the metals content of a



WO 2013/033288 PCT/US2012/052975

teed. This allows a less expeunsive catalyst to be used to remove a portion of the metals,
thus extending the lifetime of any subsequent higher activity catalysts. The demetallized
effluent from the deroctallation process can then be contacted with a catalyst having a

different median pore diameter, such as a median pore diameter of 85 A to 120 A

Processing Conditions

[073] Hydroprocessing (alternatively hydroconversion) generally refers to treating
or upgrading the heavy hydrocarbon oul component that contacts the hydroprocessing
catalyst. Hydroprocessing particularly refers to any process that is carried out in the
presence of hydrogen, including, but not Hmited to, hydroconversion, hydrocracking
{which inchludes sclective hydrocracking), hydrogenation, hydrotreating,
hydrodesulfurization, hydrodemtrogenation, hydrodemetallation, hydrodearomatization,
hydroisomerization, and hydrodewaxing including selective hydrocracking. The
hydroprocessing reaction is carried out in a vessel or a hydroprocessing zone in which
heavy hydrocarbon and selvent contact the hydroprocessing catalyst i the presence of

hydrogen.

[3074] Contacting conditions in the contacting or hydroprocessing zone can inchude,
but are vot limntied to, teraperature, pressure, hydrogen flow, hydrocarbon feed flow, or
combinations thereof. Contacting conditions in some embodiments are controlled to

yield a product with specific properties.

[6875] Hydroprocessing is carried out in the presence of hydrogen. A hydrogen
stream is, therefore, fed or injected into a vessel or reaction zone or hydroprocessing
zone in which the hydroprocessing catalyst is located. Hydrogen, which is contained i a
hydrogen “treat gas,” 1s provided to the reaction zone. Treat gas, as referred to heren,
can be either pure hydrogen or a hydrogen-containing gas, which is a gas stream
containing hydrogen in an amount that 1s sufficient for the intended reaction(s},
optionally including one or more other gasses {¢.g., nitrogen and light hydrocarbons such
as racthane), and which will not adversely interfere with or affect cither the reactions or
the products. Impurities, such as H,S and NH; are undesirable and would typically be

removed from the treat gas before it is conducted fo the reactor. The treat gas stream
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wiroduced into a reaction stage will preferably contain at least about 50 vol.% and more

preferably at least about 75 vol.% hydrogen.

[6876] Hydrogen can be supplied at a rate of from 1000 SCF/B (standard cubic feet
of hydrogen per barrel of total feed) (178 S m’/nr’) to 10000 SCF/B (1780 8 m’/m™).
Preferably, the hydrogen is provided in a range of from 2000 SCF/B (356 $ m'/m’) to

5000 SCF/B (891 S m’/m’).

6677} Hydrogen can be supplied co-currently with the heavy hydrocarbon oil and/or
solvent or separately via a separate gas conduit to the hydroprocessing zone. The contact
of the heavy hydrocarbon oil and solvent with the hydroprocessing catalyst and the
hydrogen produces a total product that includes a hydroprocessed oil product, and, in

some embodiments, gas.

[BO78] The ternperature in the contacting zone can be at least about 680°F (360°C),
such as at least about 700°F (371°C), and preferably at least about 716°F (3R0°C), such
as at least about 750°F (399°C) or at least about 788°F (420°C). Additionaliy or
alternately, the temperature wn the contacting zove can be about 930°F (510°C) or less,
such as about 900°F (482°C) or less, and preferably about 869°F (465°C) or less or about
R42°F (450°C) or less.

[B079] Total pressure mn the contacting zone can range frora 200 psig (1379 kPa-g) to
3600 psig (20684 kPa-g), such as from 400 psig (2758 kPa-~g) to 2000 psig (13790
kPa-g), or from 650 psig (4482 kPa-g) to 1500 psig (10342 kPa-g), or from 650 psig
(4482 kPa-g) to 1200 psig (R273 kPa-g). Preferably, a heavy oil can be hydroprocessed
under low hydrogen partial pressure conditions. In such aspects, the hydrogen partial
pressure during hydroprocessing can be from about 200 psia (1379 kPa) to about 1000
psia {6895 kPa}, such as from 500 psia (3447 kPa) to about 800 psia (5516 kPa).
Additionally or alternately, the hydrogen partial pressurce can be at least about 200 psia
{1379 kPa), or at least about 400 psia (2758 kPa), or at least about 600 psia (4137 kPa).
Additionally or alternately, the hydrogen partial pressure can be about 1000 psia (6895
kPa} or less, such as about 900 psia (6205 kPa) or less, or about 850 psia (53861 kPaj or

less, or about 800 psia (5516 kPa) or less, or about 750 psia (5171 kPa} or less. In such
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aspects with low hydrogen partial pressure, the total pressure in the reactor can be about
1200 psig (8274 kPa-g) or less, and preferably 1000 psig (6895 kPa-g) or less, such as
about 900 psig (6205 kPa-g) or less or about 800 psig (5516 kPa-g) or less.

G088} Liquid hourly space velocity (LHSV) of the combined heavy hydrocarbon oil
and recycle components will generaily range from 0.1 to 30 h ', or 04 b 0 200 Y or
0.5t0 108", Insome aspects, LHSV is at least 15 h' oratleast 10h oratieast 50
Alternatively, in some aspects LHSV is about 2.0 ' or less, or about 1.5 b or less, or

about 1.0 1 or less.

[B081] Based on the reaction conditions described above, in various aspects of the
invention, a portion of the reactions taking place in the hydroprocessing reaction
environment can correspond to thermal cracking reactions.  Tu addition to the reactions
expected during hydroprocessing of a feed in the presence of hydrogen and a
hydroprocessing catalyst, thermal cracking reactions can also occur at temperatures of
360°C and greater. In the hydroprocessing reaction environment, the presence of
hydrogen and catalyst can reduce the hikelihood of coke formation based on radicals

formed during thermal cracking.

[6082] In an embodiment of the invention, contacting the wnput feed to the
hydroconversion reactor with the hydroprocessing catalyst in the presence of hydrogen to
produce a hydroprocessed product is carried out in a single contacting zone. In another

aspect, contacting is carried out in fwo or more contacting 7ones.

{38831 In various embodiments of the invention, the combination of processing
conditions can be sclected to achicve a desired level of conversion of a feedstock. For
various types of heavy oil feedstocks, conversion relative to a conversion temperature of
TOSO°F (566°C) 1s a convenient way to characterize the amount of feedstock conversion,
For example, the process conditions can be selected to achieve at least about 25%
conversion of the T050°F+ portion of a feedstock. In other words, the conditions are
sclected so that at least about 25 wit% of the portion of the foed that boils above 1050°F
{566°C) 1s converted to a portion that boils below 1050°F (566°C). In some aspects, the

amount of conversion relative to 1050°F (566°C) can be at least about 40%, such as at
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teast about S0% or at least about 60%. Additionally or alternately the conversion
percentage can be about 80% or less, such as about 75% or less or about 70% or less. An
exarnplc of a suitable amount of conversion can be a conversion percentage frorn about

4(% to about 8O%, such as about 50% to about 70%.

(6084 In other embodiments of the invention, a greater amount of conversion may
be desirable. For example, in order to segregate molecules with low hydrogen to carbon
ratios using hydroprocessing, a conversion percentage of at least about 80% can be
desirable, such as at Igast about 85%, or at least about 90%. Additionally or alternately,
the conversion percentage can be about 95% or less, such as about 90% or less, These
levels of conversion can also be useful, for example, for concentrating wax m the 650°F+
(343°C+) or 700°F+ (371°C+) portion of a fecdstock, or for forming a low sulfur fuel oil.
Optionally, a feedstock with a sulfur content of about 3.0 wit% or less can be used when

these higher levels of conversion are desired.

Hydroprocessed Product

[B085] Relative to the heavy o1l feed compounent 1n the foedstream, the
hydroprocessed product will be a material or crude product that exhibits reductions in
such propertics as average molecular weight, boiling point range, density and/or

concentration of sulfur, nitrogen, oxygen, and metals.

[6086] In an embodiment of the mvention, coutacting the beavy oil feed component
and recycle or other solvent component with the hydroprocessing catalyst in the presence
of hydrogen to produce a hydroprocessed product is carried out in a single coutacting
zone. In another embodiment, contacting is carried out in two of more contacting rones.
The total hydroprocessed product can be separated to form one or more particularly

desired liquid products and one or more gas products.

(6087} In some embodiments of the invention, the liguid product is blended with a
hydrocarbon feedstock that is the same as or different from the heavy oil foed
component. For example, the Higuid hydroprocessed product can be combined with a

hydrocarbon otl having a different viscosity, resulting in a blended product having a
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viscosity that is between the viscosity of the hiquid hydroprocessed product and the

viscosity of the heavy oil feed component.

[3088] In soroe embodiroents of the invention, the hydroprocessed product and/or the
blended product are transported fo a refinery and distilled to produce one or more
distillate fractions. The distillate fractions can be catalytically processed to produce
commercial products such as transportation fuel, lubricants, or chemicals. A bottoms
fraction can also be produced, such as bottorns fraction with an ASTM D86 10%
distillation point of at least about 600°F (316°C), or an ASTM D86 10% distiliation
point of at least sbout 650°F (343°C), or a bottorns fraction with a still higher 10%

distillation point, such as at least about 750°F (399°C) or at least about 800°F (427°C).

[6089] In some embodiments of the invention, the hydroprocessed product has a total
Ni/V/Fe content of at most 50%, or at most 30%, or at most 10%, or at most 5%, or at
most 1% of the total Ni/V/Fe content (by wi%) of the heavy oil feed component. In
certain ermbodiments, the fraction of the hydroprocessed product that has an ASTM DR6
10% distillation point of at least about 650°F (343°C) and higher (i.e., 650°F+ product
fraction} has, per gram of 650°F+ (343°C+) product fraction, a total Ni/V/Fe content in a
range of from 121077 grams to 2x10™ grams (0.1 to 200 ppm), or 31077 grams to
1x10™* grams (0.3 to 100 ppm), or 1x10°° grams to 1+ 10 grams (1 to 100 ppm). In
certain embodiments, the 650°F+ {343°C+) product fraction has not greater than 4107

grams of Ni/V/Fe (40 ppm).

[G09G] In certain embodiments of the invention, the hydroprocessed product has an
API gravity that is 100-160%, or 110-140% of that of the heavy oil feed component. In
certain crobodirnents, AP gravity of the hydroprocessed product is from 10°-40°, or

12°-35°, or 14°-30°.

6891} In certain crbodiments of the mvention, the hydroprocessed product has a
viscosity of at most 90%, or at most 8%, or at most 70% of that of the heavy oil feed
component. In sorac crabodiments, the viscosity of the hydroprocessed product 1s at

most 90% of the viscosity of the heavy oil feed component, while the API gravity of the
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bydroprocessed product 1s 100-160%, or 105-155%, or 110-150% of that of the heavy oil

feed component.

{3892] In an alternative embodiment, the 650°F+ (343°C+) product fraction can have
a viscosity at 100°C of 10 to 150 cst, or 15 to 120 cst, or 20 to 100 cst. Most
atmospheric resids of crude oils range from 40 to 200 cst. In certain embodiments,
650°F+ (343°C+) product fraction has a viscosity of at most 9%, or at most 50%, or at

most 5% of that of the heavy oil feed component.

6893} In sore embodirents of the invention, the hydroprocessed product has a total

heteroator (i.c., S/N/O) content of at most 50%, or at most 23%, or at wost 10%, or at

most 3% of the total heteroatom content of the heavy oil feed component.

[3694] In some embodiments of the invention, the suifur content of the

hydroprocessed product is at most 50%, or at most 10%, or at most 5% of the sulfur
content (by wi%) of the heavy oil feed coraponent. The total nitrogen content of the
hydroprocessed product is at most 85%, or at most 50%, or at most 25% of the total

attrogen (by wi%) of the heavy oil feed componeunt.

[B095] In still other embodiments of the invention, the 650°F+ (343°C+) product
fraction can have an increased content of waxy molecules relative to the wax content of
the feedstock., Under hydroprocessing conditions including a teraperature of at least
about 420°C, such as at least about 440°C, and a partial pressure of hydrogen of less than
about 1000 psia (6.9 MPa) and/or a total pressure of less than about 1000 psig (6.9
MPag), alkylaromatic molecules with boiling potnts in the vacuum gas oil range (>650°F
or 343°C) are selectively cracked to form 650°F+ (343°C+) aliphatic {(and preferably
paratfinic) roolecules and aromatics. Prior to hydroprocessing, these molecules would
not be classified as waxy molecules due to the aromatic portions of the molecules. After
hydroprocessing, the 650°F+ (343°C+) product fraction can be enriched i waxy
molecules due to the formation of distinet aliphatic and aromatic molecules based on the
high boiling aromatic molecules. Preferably, when formmation of a product fraction
enriched in waxy molecules is desired, the feedstock to the hydroprocessing reaction can

have an ASTM DE&6 10% distillation point of at least about 900°F (482°C), and more
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preferably at least about 930°F (510°C). Using a feedstock with a reduced amount of
lower boiling material is helpful for subsequent separation of wax from the
hydroprocessed cffluent. In some embodiments, the bottoms fraction used for wax
recovery can correspond to a higher boiling fraction, such as a 750°F+ (389°C+) bottoms

fraction, or an 800°F+ (427°C+) bottorns fraction.

6896} The selective production in the process of the invention of 630°F+ (343°C+)
wax and 650°F+ (343°C+) polynucicar aromatics with short side chains from
atmospheric and vacuum resids of crude oil is unexpected based in part on the unusual
reaction conditions. At these conditions, the preferred reaction pathway for
alkylaromatics is thermal cracking, while hydrogenation of alkylaromatics to saturated,
vacuum gas oil boiling range hiquids is suppressed. This 18 unexpected, because thermal
cracking s generally believed to have poor selectivity. The expected result under
thermal cracking conditions is for alkylaromatics, alkylnaphthenes, paraffins, and
isoparaffins in the vacuurn gas ot boiling range to all crack, resulting in production of
C4-, naphtha, and distillate boiling range molecules at similar rates from all of the
various initial molecules. lustead, it has been discovered alkylaromatics thermally crack
nuch faster than paraffins and isoparaffins, enabling the production of a vacuum gas otl
saturates fraction that is highly enriched 1n wax, This result has not been previously
found in part due to the rapid coking that occurs during hydroprocessing of vacuum gas
otl, atmospheric resid, and/or vacuum resid fractions under conventional conditions.
Fouling and incompatibility hinders operation of waxy vacuum gas oils and resids even
in slurry phase and cbullating bed hydrocrackers. Furthermore, slurry and ebullating
beds operate 1 the bulk Hquid phase, and are known to have poor thermal cracking
selectivity because of liquid phase mass transport limitations. Additionally, the result
cannot be observed at partial pressures of hydrogen greater than 1000 psia (6.9 MPa),
due to the shift in the equilibrium toward increased hydrogenation of aromatics at higher

Prossures.

[3097] In addition to allowing for production of wax from high boiling alkylaromatic
corpounds, the reaction conditions also assist in produciog a higher purtty wax product.
Due to the low hydrogen partial pressure used for thermally cracking the alkylaromatic

compounds to form wax, an increased percentage of the resulting aromatic compounds
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are not saturated or otherwise hydrogenated. By allowing the aromatic compounds to
retain their aromaticity, the aromatic compounds can subsequently be removed from the
wax product by a conventional method, such as solvent extraction. Using a higher
{conventional) partial pressure of hydrogen of more than 1000 psia (6.9 MPa), more of
the aromatic compounds would be saturated, resulting in naphthencs that cannet be as

readily separated using solvent extraction.

[B098] In sorae embodiments, processes according to the invention can also be used
for production of low sulfur fuel oil, such as a fuel o1l with a sulfur content of about 1
wt% or less. The higher severity hydroprocessing conditions suitable for wax
concentration, such as a temperature of at least about 420°C, preferably at least about
440°C, arc also suitable for increasing the percentage of sulfur removal from a feed.
Under reaction conditions suitable for at least about 80% conversion of the 1050°F+
(566°C+) portion of the feed, and preferably at least about 90% conversion, an 800°F+
(427°C+) botioms product can be generated with a sulfur concentration of less than |
wt%. This 8Q0°F+ (427°C+) bottors product is suitable for use as a low sulfur fuel oil.
Such hydroprocessing conditions are also suitable for at least 75% desulfurization of the
feedstock, such as at least about 80% desulfurization or at least about 90%
desulfurization. For example, for a feed having an initial concentration of about 4 wi%,
at least 75% desulfurization is required to achieve a low sulfur fuel oif with a sulfur
concentration of about T wit% or less. Such levels of desulfurization can be achieved by
using conditions severe enough to produce at least 8% conversion of a feed based on a
1050°F (566°C) conversion temperature, such as at least 90% conversion. Optionally,
the feed used for forming the low sulfur fuel oil can be a feed with a higher boiling
range, such as a feed with an ASTM D86 10% distillation point of at least about 900°F

{482°C), and more preferably at least about 950°F (310°C),

[6099] If it is desirable to generate a wax from the 800°F+ (427°C+) product
generated by hydroprocessing of a feed, the wax in the 800°F+ {427°C+) product can be
separated out. The remaining portion of the 800°F+ (427°C+) product can then be used
as a low sulfur fucl oil. In an aliernative combodiment, an initial feed can be used that has

a low initial wax content and/or scparation of wax from the 800°F+ (427°C+) product
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may not be desired. fo such an alternative embodiment, the ROG°F+ (427°C+) product

can be used as a low sulfur fuel oil without prior removal or separation of wax.

Example of Processing Configuration

[68166] FIG. 1 schematically shows an example of a configuration suitable for
hydroprocessing a heavy oil feedstock. In FIG. 1, a feedstock 105 comprising at least a
portion of a heavy oil feed component is passed into g hydroprocessing reaction zone
110. A hydrogeo stream 107 is also introduced into the hydroprocessing reaction zone
110, Hydrogen streamn 107 1s shown as being introduced separately mto reaction zone
110, but bydrogen stream 107 can also be mixed with feedstock 105 prior to entering
reaction zone 110. In the configuration shown in FIG. 1, feedstock 105 is mixed with a
recycle portion 122 of the hiquid effluent that has been separated froro the
hydroprocessing reaction zone cfffuent, prior to the mixture entering the hydroprocessing
reaction zone 105, Alternatively, the recycle portion 122 can be mixed with foedstock
105 in the hydroprocessing reaction zone 110. As still another alternative, a separate

solvent can be added 1o place of or in addition to recyele portion 122,

[68101]  Preferably hydroprocessing reaction zone |10 can be operated to achieve a
desired level of conversion, such as a desired level of conversion relative to a 1050°F
(566°C) conversion temperature. The effluent 115 from reaction zone 105 is passed into
a separator 120, such as a high pressure separator. The separator 120 can separate a gas
phase portion of effluent 115 from a liguid phase portion of the effhuent. The gas phase
portion of effluent 115 can optionally include a portion of molecules that would typically
be considered as part of the naphtha botling range. In the configuration shown in FIG. 1,

the lguid phase portion is then split into recycle portion 122 and a product portion 125,

[66162] In the configuration shown in FIG. 1, the product portion 128 of the hiquid
cffluent from hydroprocessing reactor 110 s separated in an atmospheric distiliation
tower 130 or another type of separator suitable for performing a comparable
fractionation. The atmospheric distillation unit 130 fractionates product portion 128 to
form at least a distillate product portion 135 and a bottoms portion 133, Optionally, a

naphtha boiling range portion (not shown} can also be produced, if naphtha boiling range
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molecules are still present in product portion 128, Optionally, more than one distillate

boiling range fraction can be generated, such as a kerosene portion and a diesel portion.

[63103] The bottoms portion 133 is then passed into a vacuum distillation unit 140 or
another comparable type of scparator that performs a fractionation in an environment
with a reduced pressure (1.e., a pressure that is less than atmospheric). The vacuum
distillation unit 140 forms at least one vacuum gas oil portion 145 and a vacuum bottoms
portion 143, The vacuum gas otl portion 145 can be suitable for further processing, such
as additional hydroprocessing or other processing to form fuels or tubricants, or as a feed
for a fluid catalytic cracker. The bottoms portion can be used for forming fucl oils,

asphalts, or other types of high boiling products.
[66104] In av alternative configuration, the bottoms 133 from atmosphenic distillation
unit 130 can be used as a product without separation in a vacuurm distillation unit 140,

For example, the bottoms 133 can be used as a feed for a wax production plant,

Deasphalting of Hydroconverted Effluent

[68165] The configuration shown in FIG. 1 is an example of a configuration where
hydroprocessing 1s performed on a heavy oil feedstock, followed by separation of
product fractions for further use. One alternative to the type of configuration shown in
FIG. 1 1s to mclude solvent deasphalting of at least a portion of the hydroprocessed
effluent. Solvent deasphaliting allows for separation of asphaltenes from a remaining
portion of a feed. Asphaltenes are typically molecules that require substantial addition of
hydrogen in order to make a molecule suttable for use as a fuel. Solvent deasphalting
allows these lower value molecules to be separated out on a basis other than boiling
point, so that higher value molecules with similar boiling powtis, such as molecules with
similar boiling points but higher hydrogen content, can be retained as part of the
feedstock.

[68106]  Solvent deasphalting is a solvent extraction process. Suitable solvents
wchude alkanes or other hydrocarbons containing about 3 to about 6 carbons per

molecule. Examples of suitable solvents include propane, n-butane, isobutene, and
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u-pentane. Alternatively, other types of solvents may also be suitable, such as
supercritical fluids. During solvent deasphalting, a feed portion is mixed with the
solvent. Portions of the fecd that are soluble i the solvent are then extracted, leaving
behind a residue with little or no selubility in the solvent. Preferred solvent deasphalting
conditions for processes of the invention inchude mixing a feedstock fraction with a
solvent in a weight ratio of from about 1:2 to about 1:10, such as about 1:X or less.
Preferred solvent deasphalting temperatures for processes of the invention range from
about 40°C to about 200°C. The pressure doring solvent deasphaliing can be frow about

50 psig (345 kPag) to about 500 psig (3447 kPag).

[66107] The portion of the feedstock that is extracted with the solvent is often referred
to as deasphalted oil. In various embodiments of the invention, solvent deasphalting can
be performed oun the bottoms from atmospheric distillation or on a portion of the bottoms
from atmospheric distillation. For example, the bottoms from vacuum distillation
represents a portion of the atmospheric distillation bottoms that can be used as the feed to
the solvent deasphalter. A portion of vacuum gas oil can also be used as a feed to a
solveut deasphalting process, either alone or in combination with at least a portion of

vacuum distiliation bottoms.

[B3108] The vield of deasphaited o1l from the solvent extraction process varies
depending on a variety of factors, including the nature of the feedstock, the type of
solvent, and the solvent extraction conditions. A hghter wolecular weight solvent such
as propane will result in 8 lower yield of deasphalted oil as compared to n-pentane, as
fewer components of the heavy o1l will be soluble in the shorter chain alkane. However,
the deasphaited o1l resulting from propane deasphalting is typically of higher quality,
resulting in expanded options for use of the deasphalted oil. Under preferred
deasphalting conditions, increasing the temperature will also usually reduce the yield
whilc increasing the quality of the resulting deasphalted oil. In various embodiments of
the present invention, the yield of deasphalted o1l from solvent deasphalting can be about
85 wi% or less of the foed to the deasphalting process, or about 75 wt% or less, In other
erabodiroents, solvent deasphalting conditions are selected so that the yield of
deasphalted otl is at least about 25 wtd%, such as at least about 45 wit% or at lcast about

70 wtSe.
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[G8109]  Afier the deasphaliimg process, the yield of deasphalting residue can be at
least about 15 wt% of the feed to the deasphaliing process. The yield of deasphalting
residue 1s preferably up to about 75 wit% or less, but is preferably about 35 wit'% or less,
such as about 30 wit¥ or less or 25 wt% or less. The deasphalting residue can be used,
tor example, for making various grades of asphalt. A deasphalting residue 1s soractimies
referred to using the number of carbons in the solvent used for deasphalting. For
example, a solvent deasphalting process using n-pentane will produce a deasphalted oil

and a Cs deasphalting residue.

[60118]  In some aspects of the invention, solvent deasphalting can be used to
segregate molecules with lower hydrogen content. This can allow the hydroprocessing
reaction to be performed under less severe conditions, so that segregation of lower
hydrogen content molecules from higher hydrogen content molecules s based on
solubility rather than based on boiling point. Scgregating molecules with lower
hydrogen content is benchcial for several reasons. First, such lower hydrogen content
molecules require the greatest hydrogen consumption in order to convert the melecules
to a more desirable product, such as a fuel or lubricant base oil. Additionally, such lower
hydrogen content molecules tend to have poor properties, such as unfavorable flow
propertics and/or high levels of contaminants. Thus, one of the goals of processing a
feedstock is to either separate such low hydrogen content molecules out from the higher
value molecules, or to add coough hydrogen to the low hydrogen content molecules to
increase the value of the inttially low hydrogen content molecules. From a resource
standpoint, separation of the low hydrogen content molecules would be preferable, in
order to reduce the severity of reaction conditions as well as to avoid excessive hydrogen
consumption. Combining hydroprocessing with solvent deasphalting allows for use of
such lower severity conditions while still effectively separating out low hydrogen countent

molecules.

[68111]  For example, using only hydroprocessing, conditions sufficient to achieve a
conversion percentage of at least about 80 wi% of the 1050°F (566°C) portion of the
feed, such as at least about 83 wt%, are required to effectively segregate lower hydrogen
content molecules within a heavy o1l feed. By contrast, using a combination of solvent

deasphaliing and hydroprocessing, the hydroprocessing conditions can be selected to
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achieve a conversion of only 50% to 70% of the 1050°F+ (566°C+) portion of the feed.
This 1s a significantly less severe level of conversion. The effluent from
hydroprocessing is then solvent deasphalied. The deasphalting residue can have a
simtiiar hydrogen content profile as the unconverted portion from the more severe

hydroprocessing conditions.

Additional Examples of Process Configurations

[66112] FIGS. 2-4 show various embodiments of processing coufigurations of the
present invention that include g solvent deasphalting step for deasphalting at least a
portion of the efflueat from hydroprocessmg. For example, FIG. Z shows a
configuration where solvent deasphalting is performed on the bottoms from a
fractionator that performs separations in a reduced pressure environment (such as a
vacuum distillation unit). Instead of using the entire reduced pressure fractionation
bottoms as a fucl otl product, performing solvent deasphalting can allow the reduced
pressure fractionation bottoms o be separated into a deasphalted oil portion suitable for

use as a heavy vacuum gas oil and a residual asphalt portion.

[68113] In the configuration shown in FIG. 2, many of the elements of the
configuration are simiar to FIG. 1. In the embodiment shown in FIG. 2, the bottoms
fraction 143 from the vacuum distillation unit is passed into a solvent deasphalting unit
250. The solvent deasphalting unit 250 gencrates a deasphalted oil product 255 and a
deasphalting residue or asphalt product 253, The deasphalted ol product 255 can be
recycled for further hydroprocessing i hydroprocessing unit 110, subject to further
hydroprocessing or other processing in another reactor in a refinery (such as by using
deasphalted ol product 255 as a heavy vacuum gas oil feed), or the deasphalted oil

product 255 can be used as a fuel o1l

[68114] FIG. 2 also shows an optional recycle 232 of 4 portion of the distillate product
for combination with the other portions used as feed to the hydroprocessing reaction 114,
The optional distiliate recyele coraponent 232 can provide further selvent for use

improving hydroprocessing reaction 114, Optionally, distillate recycle component 232
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can correspond to a recycle of a portion of the distillate product, such as a recycle of a

kerosene fraction of the distillate product.

[G8118]  FIG. 3 shows another process embodiment of the invention that incorporates
a solvent deasphalting unit. In the configuration shown in FIG. 3, a vacuum distillation
tower 18 vot used. Instead, the bottoms fraction 133 from atmospheric distiifation unit
130 15 passed into a solvent deasphalting unit 350, This results in a deasphalted
atmospheric bottoms product 355 and an asphalt product 353, The configuration shown
in FIG. 3 can be beneficial for reducing energy consumption, as vacuum distillation is

one of the more energy 1nfensive processes in a refinery.

[68116] Additionally, the configuration shown in cither FIG. 2 or FIG. 3 can be useful
for allowing segregation of low hydrogen to carbon ratio molecules info a residual
product (such as the asphalt product) while using milder reaction conditions that convert
about 50 wit% to about 70 wt% of the 1050°F+ {(566°CH) portion of the feedstock. To
achieve a comparable amount of segregation of low hydrogen to carbon ratio molecules
using hydroprocessing, conversion levels of at least 80 wt% or more of the 1050°F+

(566°C+) portion of the feedstock may be needed.

(661171 FIG. 4 shows yet another process embodiment of the wnvention that
incorporates a selvent deasphalting unit. The type of configuration shown in FIG. 4 is
useful for reducing the amount of fuel o1l and other higher boiling products in favor of
generation of more fuels and other distiliate products. In FIG. 4, the bottoms fraction
443 from vacuum distitlation 140 1s recycled and combined with a portion of the input
feedstock 405, The combined vacuum bottoms and a first portion of feedstock 405 are
passed into a selvent deasphalting unit 450, This results in an asphalt product 453 and a
deasphalted feed 415, The deasphalted feed 415 is then combined with a second portion
465 of the feedstock. A portion of the liquid efftuent from hydroprocessing 122 is also
added to this combination of feedstock matenials. The combination of feedstock
materials is then hydroprocessed 110 according fo any of the various conditions

described herein.
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Process Examples

Example 1

[66118] A fixed bed reactor was constructed from 1/4 inch stainless sicel tubing. The
reactor included two 50 om brass half cylinders that were bolted onto a 1/4 inch stainless
steel tube. The volume of the hot zone instde the brass cylinder was 6.0 ¢¢’s. A fixed
bed reactor was loaded with a homogeneous blended mixture of 5.6 c¢ of 15-40 mesh
sand and 1.4 cc of a supported NiMo hydroprocessing catalyst sized to 20-40 mesh. The
blended mixture was centered on the hot zone. The rest of the reactor tube (the cold
zones at the top and bottom of the reactor tube) was filled with 15-40 mesh sand. The
supported NiMo catalyst was typical of those used commercially for removing metals
from heavy oil feedstocks and had a median pore size of greater than 150 A, The reactor
was mounted inte a fixed bed, upflow pilot unit. The fresh feedstock was 95 wt%
Athabasca bitumen / 5 wt% of partially hydrogenated 1-methylnaphthalene (0.95 g/cc at
60°F or 16°C). The 5 wt¥% of 1-methyinaphthalene was added to facilitate the start of the
process run until recycled liquid product was available for use as a solvent. 16 wt% of
the fresh feedstock was blended with 84 wi% of the Cs+ Hiquid produced by the process
(the total liquid product or TLP}). The biturnen feedstock contained 40 vol% of 1050F°+
(566°C+) resid. The sulfur, nitrogen, and oxygen contents were 4.75 wt%, 0.5 wt%, and
(.2 wit% respectively. The API gravity was 10 (1.0 g/cc). The feedstock contained 40
wppr nickel, 100 wppm vavadium, 8 wppro iron, and 5 wppm of other ash-forming
clements. Process conditions were a hydrogen treat gas flow rate of 670 SCEF/B (about
110 N’y of hydrogen, a temperature of 430°C, a total Hiquid feedstock flow rate of
21 ce/hir {corresponds to 2.5 hr' LHSV based on volume of fresh bitumen per volume of
NiMo hydroprocessing catalyst per hour), and a total pressure of 800 psig (5.5 MPag).
[68119] The product from the unit was run through a hot separator held at 50°C
followed by a cold knock-out pot held at 5°C. The total liquid product recovered had a
mass between 93 and 95% of the mass of the liquid feed. The volume and composition
of the unit offgas were measured. Both hydrogen consuraption and the extent of sultur

removal were also measured. The unit ran smoothly for 25 days (1500 volumes of fresh
¥ )
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bitumen per volume of NMiMo hydroprocessing catalyst) and then phugged due to

deposition of coke and metals on the catalyst bed.

[G8120]  The API gravity of the bitumen feed was 13, The API gravity of the Cs+

total Hguid product was 18.

Example 2 (Comparative)

(681211 A fixed bed reactor was constructed from 1/4 inch stainless steel tubing, The
reactor included two 50 cm brass half cylinders that were bolted onte a 1/4 inch stainless
steel tube. The volume of the hot zone inside the brass cylinder was 6.0 c¢’s. A fixed
bed reactor was loaded with a homogeneous blended mixture 6t 4.2 ce of 15-40 mesh
sand and 2.8 cc of a supported NiMo hydroprocessing catalyst sized to 20-40 raesh. The
blended mixture was centered on the hot zone. The rest of the reactor tube (the cold
zones at the top and bottom of the reactor tube} was filled with 15-40 mesh sand. The
supported NiMo catalyst was typical of those used commercially for removing metals
from heavy oil feedstocks and had a median pore size of greater than 150 A. The reactor
was mounted into a fixed bed, upflow pilot unit. The feedstock was 70 wi% Athabasca
bitumen/ 30 wt% of partially hydrogenated 1-methylnaphthalene (0.95 g/ce at 60°F).
The bitumen feedstock contained 40 vol% 1050+ resid. The sulfur, vitrogen, and oxygen
contents were 4.75 wt%, 0.5 wt%, and 0.2 wt% respectively. The API gravity was 10
(1.0 g/cey. The feedstock contained 40 wppm nickel, 100 wppra vanadium, 8 wppm
ron, and 5 wppm other ash-forming elements. Process conditions were a hydrogen treat
gas flow rate of 670 SCF/B (about 110 ng/mg) of hydrogen, a temperature of 430°C, a
total liquid feedstock flow rate of 21 co/hr {corresponds to 2.0 br'' LHSV based on
volume of fresh bitumen per volume of NiMo hydroprocessing catalyst per hour), and a

total pressure of 800 psig (5.5 MPag).

[68122]  The product froro the unit was run through a hot separator held at 50°C
followed by a cold knock-out pot held at 5°C. The total liquid product recovered had a
mass between 93 and 95% of the mass of the liguid feed. The volume and composition
of the unit offgas was measured. Both hydrogen consumption and the extent of sulfur

removal were measured. The unit ran smoothly for 18 days (900 volumes of fresh



WO 2013/033288 PCT/US2012/052975
-37 -

bitumen per volume of MiMo hydroprocessing catalyst) and then phugged due to

deposition of coke and metals on the catalyst bed.

[G8123]  The API gravity of the bitumen feed was 13, The API gravity of the Tyt

total Hguid product was 18.

[68124] Based on a comparison of examples 1 and 2, using a recycled portion of the
total liguid product provided a superior perforrmuance vs. once-through operation with a
solvent. The cycle length was extended from 900 volumes of fresh bitumen per volume
ot hydroprocessing catalyst to 1500 volumes of fresh bitumen per volume of catalyst.
Thus, even though the ratio of recycle solvent to feedstock was greater than the ratio of
added solvent {1-methylnaphthalene) to feedstock, the amount of fresh bitumen

processed using the recycle solvent was still greater,
Exarople 3

[33125] A fixed bed, upflow reactor was constructed from 3/8™ inch stainless steel
tubing. Two 50 om brass half cylinders were bolted onto the 3/8™ inch tube. The
volume of the hot zone inside the brass cylinder was 16.0 cc’s. The reactor was loaded
with 3 ¢ (4.9 cc) of a supported NiMo hydroprocessing catalyst ontopof 9 g (8.1 ceyof a
commercially available bulk NiMoW hydroprocessing catalyst. The supported NiMo
catalyst was used primarily for removing metals from heavy o1l feedstocks and had a
median pore size of greater than 150 A, The median pore diameter of the bulk NiMoW
catalyst was 94 A, as shown in Table 1 below. The catalyst system was sulfided using a

feedstock comprised of 80 wi% 130-neutral lube 0il/20 wit's ethyl-disulfide.

[60126]  The feedstock for sulfiding the catalyst system was processed at 3000 SCF/B
(standard cubic feet of hydrogen per barrel of feed, about 500 Nm'/m’), at 340°C
{(644°F), 0.17 LHSV (liquid hourly space velocity), and 1000 psig (6895 kPa) for 48
hours. The feedstock was then switched to 60 wit Athabasca bitumen/40 wt%
trimethylbenzene (TMB). Reaction conditions were changed to 800 psig (5516 kPa-g}, 5
co/hr liguid feed (corresponding to an LHSVY of 8.39 volumes of fresh bituraen per

volume of bulk NiMoW hydroprocessing catalyst per hour), and 1100 SCF/B hydrogen
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{197 8 m*/m’). The reactor temperature was varied between 689°F (365°C) and 780°F

(416°C).

[G81271  The Athabasca bitumen bad the following properties: 4.8 wt% S, S000 wppro
N, 55% wt% of the feed having a boiling point between 450°F to1030°F (232°C to
566°C), 45 Wt of the feed corresponding to a 1050°F+ (566°C+) fraction, 8.9950

spectfic gravity at 60°F (13.6°C), 67 wppm Ni, 166 wppm V, and 13 wppm Fe.

[66128] Durning the run, the hydrodesulfurization and hydrodmetalhzation levels were
typically held between 60 and 70% through temperature adjustment. The deposition of
metals in the reactor was fracked with time. For example, at the timoe that the catalyst
had accumulated 5 wt% metals, the conditions were 800 psig (5516 kPa-g) and 725°F

(3R5°C). Less than 1 wi% of the TMB was hydrogevated and/or hydrocracked.

(601291  The catalyst was run for 150 days, resulting in processing of 2368 volumes of
bitumen per voluroe of NiMoW hydroprocessing catalyst. The HDS activity of the
catalyst dropped by less than 1% over a 3 weck period at a temperature as high as 780°F
{(416°C). The run was voluntarily terminated to enable examination of the roetals
distribution on the catalyst before metal loading filled any more of the catalyst void

volume,

[361361 Upon cnding the run, the catalysts were analyzed for vanadium profile i the
extrudates. The vavadium deposit across whole extrudates was found to be evenly
deposited throughout the extrudate on both catalysts, which was indicative of an
wsigoificant presence of pore mouth plugging. Analysis of the spent catalysts showed

that the metals uptake of both catalysts were similar, at about §.14 g metal/ce of catalyst.

[68131]  This example demonstrates that upgrading of Athabasca bitumen in the
presence of TMB as a solvent, a single-ring aromatic corpound, at a moderate pressure
of 800 psig {5516 kPa-g) can be achieved for an extended period of time without reactor

plugging problems. Morcover, there is little metal buildup inside catalyst pores.
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Fxamnple 4 (Comparative)

(601321 A fixed bed reactor similar to the reactor described in Example 3 was used.
The reactor included two 50 em brass half cylinders that were bolted onto a 3/8™ inch
stainless steel tube. The volume of the hot zone inside the brass cylinder was identical to
exarapie 3. The volume of the hot zone 1uside the brass cyhinder was 16.0 c¢’s. The
reactor was loaded with 3 g (4.9 cc) of a supported NiMo hydroprocessing catalyst with
a median pore diameter of greater than 150 A on top of 9 g (7.6 cc) of a commercially
available bulk NiMoW hydroprocessing catalyst with a median pore diameter of 94 A,
The supported NiMo catalyst was used priroarily for removing metals from heavy oil
feedstocks. The catalyst system was sulfided using a feedstock comprised of RO wit%

130-neutral lube 01l/20 wt% cthyl-disuifide.

[68133] The feedstock for sulfiding the catalyst system was processed at 3000 SCF/B
{(standard cubic foet of hydrogen per barrel of feed ), at 340°C (644°F), 0.12 LHSV
{liquid bourly space velocity}, and 1000 psig (6895 kPa) for 48 hours. The feedstock
was then switched to 95 wit% Athabasca biturncn and 5 wi% toluene. Reaction
conditions were changed to 800 psig (5516 kPa-g)., 5 co/hr liquid feed (correspounding to
an LHSV of 0.62 volumes of bitumen per volume of NiMoW catalyst per hour), and
1100 SCF/B hydrogen (197 $ m’/m’). The reactor temperature was kept at 725°F

(383°C),

[38134] The Athabasca bitumen had the following properties: 4.8 wt% S, 5000 wppm
M, 55% wit% of the feed having a boiling point between 450°F to 1050°F (232°C 1o
566°C), 45 wit¥% of the feed corresponding to a 1050°F+ (566°C+)} fraction, §.9950
spectfic gravity at 60°F (15.6°C), 67 wppm Ni, 166 wppm V, and 13 wppm Fe. The
reactor failed on pressure drop after 11.3 days of operation, which corresponds to
processing of 57 volumes of bitumen per volume of NiMoW hydroprocessing catalyst

before failure.

[B0135] Table 1 provides a summary of these hifetirae characterization runs n

example 3 and 4.
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Table 1 - Catalyst Lifetime Dependence on Solvent

Vol Resid / Vol AVG pore size
Catalyst Feed Catalyst {Angstroms}
Pual catalyst 60% Athabasca 2368 (150 days at 94 (small pore)
Exarople 3 biturnen / 40% TMB | 0.39 LHSV)
Dual catalyst — 95% Athabasca 57 (11.3 days at 94 (small pore)
Example 4 bitumen / 5% toluene | 0.62 LHSV)

Example 3

[66136] A fixed bed reactor similar to the reactor described in Example 3 was used.
The reactor included two 50 em brass half cylinders that were bolted onto a 3/8™ inch
stainless steel tube. The volume of the hot zone mside the brass cylinder was 16.0 c¢’s.
The center of the 16 cc hot zone was loaded with 5 ¢¢’s of a commercially available
large pore NiMo/Al, (s demetallation catalyst with a median pore diameter of greater
than 150 A followed by 7.6 ¢¢’s {9 g) of a commercially available bulk NiMoW catalyst
{similar to the catalyst from Fxample 2) with a median pore diameter of about 94 A, The
catalyst was mounted into a standard down-flow pilot unit, and sulfided using standard

procedures.

[06137]  Athabasca bitumen was hydrotreated. The Athabasca biturmen had the
following properties: 4.8 wit% S, 5000 wppm N, 55% wt% of the feed having a boiling
point between 450°F to1030°F (232°C to 566°C), 45 wt of the feed corresponding to a
1050°F+ (566°C+) fraction, 8.9958 specific gravity at 60°F (15.6°C), 67 wppm Ni, 166
wpprn V, and I3 wppim Fe, A feedstock was blended from 60 wtSs Athabasca bitumen
and 40 wit% 1.2 4-tumethylbenzene. A process variable study was conducted withio the
tolowing condition window: 2-10 co/hr iquid feed, 6-30 scom hydrogen, 365-395°C.
Pressure was constant at 800 psig (5.5 MPag). The deposition of metals in the reactor
was tracked with time. At the time that the catalyst had accumulated 5 wi% metals, the
product cffluent at these conditions was analyzed using standard testing wethods.
FOS0°F+ (566°C+) conversion was 23%, the amount of sulfur removal was 62%, and the

amount of metals removal was 66%.
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Example 6 {Comparative)

[B0138] A fixed bed reactor similar to the reactor described in Example 3 was used.
The reactor included two 50 em brass half cylinders that were bolted onto a 3/8™ inch
stainless steel tube. The volume of the hot zone inside the brass cylinder was 21.0 c¢’s.
The center of the 21 cc hot zone was loaded with 7 ¢c¢’s (4.2 g) of a commercially
avatlable large pore NiMo/AL Q4 demetallation catalyst having a median pore size
greater than 150 A followed by 14 ¢¢’s (10.9 g) of a commercially available
CoMo/Al, O hydroprocessing catalyst with a median pore size of at least about 150 A,
The catalyst was mounted into a standard down-flow pilot unit, and sulfided using

standard procedures.

[06139]  Athabasca bitumen was hydrotreated. The Athabasca biturmen had the
following properties: 4.8 wt% S, 3000 wppm N, 55% wt% of the feed having a boiling
point between 450°F to1030°F (232°C to 566°C), 45 wt of the feed corresponding to a
1050°F+ (566°C+) fraction, 8.9958 specific gravity at 60°F (15.6°C), 67 wppm Ni, 166
wpprn V, and I3 wppim Fe, A feedstock was blended from 60 wtSs Athabasca bitumen
and 40 wt% 1.2 4-trimethylbenzene. A process variable study was conducted within the
tolowing condition window: 2-10 co/hr hiquid feed, 6-30 scom hydrogen, 365-395°C,
Pressure was constant at 800 psig (5.5 MPag). The deposition of metals in the reactor
was tracked with time. At the time that the catalyst was estimated to have accumulated 3
witts metals, the product effluent at these conditions was analyzed using standard testing
methods. 1050°F+ (566°C+) conversion was 5%, the amount of sulfur removal was

71%, and the amount of metals removal was 74%.

[68146] Table 2 shows a comparison of the catalyst activities for the catalyst system
inchading a small pore catalyst in Example 5 and a catalyst system using a large pore
catalyst in Exampic 6. Comparison of Examples 5 and 6 demonstrate that the small pore
(85 A to 120 A hydroprocessing catalyst was roughly 50% mere active for conversion
of the 1050°F+ (566°C) portion of the feed as the conventional larger pore (>150 A
median pore size) resid hydroprocessing catalyst. On a volume basis, the small pore
catalyst was also about twice as active as the large pore catalyst for desulfurization and

demectallation, while on a volurne basis the activitics of the smaall pore catalyst and large
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ore catalyst were comparable. It 18 unexpected that a large pore catalyst designed to
o v

process resid would be less active than a small pore catalyst. It is also unexpected that

vanadium is evenly distributed across the extrudate of a high activity, small pore

hydrodesulfurization catalyst.

Table 2 — Comparison of Small Pore and Large Pore Activities

Large pore

10SO°F+(566°C+)
Catalyst Catalyst Weight | Catalyst Volume Conversion
Example Configuration (2™ catalyst) (2™ Catalyst) {wt%)
5 Large pore/ g 7.6¢c 23
Sroall pore
6 Large pore / 109¢g 14 cc 15

[00141]

As shown 1n Table 1, use of a diduent provides about a factor of 40

irmprovement in catalyst lifetime. Conventionally, large pore hydroprocessing catalysts

are belicved to be superior for hydroprocessing of heavy oil feeds. However, as shown

in Table 2 based on Examples 5 and 6, with an appropriate solvent, the catalyst system

wcluding the small pore hydroprocessing catalyst exhibited either a coroparable or

superior activity over the large pore hydroprocessing catalyst depending on the desired

type of activity. This allows for use of a lesser amount of small pore catalyst while still

achieving similar processing results.

Example 7

(08142

A fixed bed reactor was constructed from 3/87 inch stainless steel tubing.

The reactor included two 50 cr brass half cylinders that were bolted onto a 3/8™ inch

stainless steel tube. The volume of the hot zone inside the brass cylinder was 12.0 ¢¢'s.

23 ¢¢’8 (27 gy of a commercially available bulk NiMoW catalyst {(similar to the catalyst

from Example 3) with a median pore size of about 94 A was loaded to completely fill the

hot zone tuside the brass cyhnder and the eotire vest of reactor volurae in front of and 1o

back of the hot zone. The catalyst was mounted into a standard down-flow pilot unit,

and sulfided using standard procedures.
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1381431 A feedstock was blended from 60 wi% of a demetallized 950°F+ (510°C+)
vacuum resid and 40 wit% of recycled 300-600°F (149-316°C) distillate product

{0,955 g/ce at 60°F). The demetallized 950°F+ (510°C+) vacuum resid (no solvent)
contained 28 wppm metals, (.6 wt% sulfur, and 13 wi% hydrogen. 84% of the
demetallized resid corresponded to material with 4 boiling point of 1050°F+ (566°C+).
The demetallized vacuum resid was formed from distillation of a whole crude oil that
was 18 wt% wax as measured by differential scanning calorimetry. The demetallized
vacuur resid feedstock was pumped nto the reactor at 3.0 co/bir along with 10 scem of
hvdrogen (1150 SCF/B of feed, about 195 Nm'/m’). The reactor was held at 445°C.
The product effluent was analyzed using standard testing methods. The reactor
consumed 360 SCF/B (about 60 Nm’/m’) of hydrogen, which corresponds to 600 SCF/B
(sbout 100 Nro'/m’) relative to the demetallized 950°F+ (510°C+) vacuum resid, and
corresponds to one third of the 1150 SCE/B (about 195 Nm'/m’) of hydrogen fed to the
reactor. Less than S wi% of the recyeled distillate was converted to products outside the
distillate boiling range, making the yield of recycled distillate feed in the product

between 38 and 40 wit%.

[68144] After removing and/or accounting for the recycled distillate cofeed, product
yields fron conversion of the demetalhized 950°F+ (510°C+) vacuam resid were: 8.7
wit%% HyS; 5 wit% methane plus ethane; 5 wit%e propane plus butanes; 20 wt% naphtha
(Cs-400°F); 37 wt% distillate (400°F-650°F); 24 wt% vacuum gas oil (650°F-1050°F;
343°C-566°C); and 8 wt% 1050°F+ (566°C+) material. The 1050°F+ (566°C+)
conversion of the demetallized feed was 90%, the amount of sulfur removal was 99%,
and the amount of metals removal was >99%. In preferred ewbodiments of the
invention, the 1050°F+ (566°C+) conversion of the feed in the final liquid products from
the primary reaction (1.¢., “liguid effluent™) is at least RO wi%, more preferably at least
90 wt% or at least 95 wit%. In preferred embodiments of the invention, the amount of
sulfur in the fival hgoid products (e, “liquid effluent”) is less than 20 wt%, wore
preferably less than 10 wt%, less than 5 wt%, or most preferably, less than | wt% of the
sulfur in the heavy oil feed. In preferred embodiments of the mvention, the amount of
metals in the final hiquid products (i.e., “liquid effhuent”} 1s less than 20 wt%, more
preferably less than 10 wi%, less than 5 wi%, or most preferably, less than 1 wit% of the

metals in the heavy oil feed. A very low sulfur Bunker C Fuel Gil as described prior, can
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be made as a product from the vacuum gas oil and/or vacuum bottoras {1050°F+)

strearns in this process.

[68145] Returning to the example, the total liquid product was subjected to vacuum
distillation. A 20% yield of 800+°F (427°C+) product was isolated by vacuum
distillation. Surprisingly, the recovered 800+°F (427°C+) product was highly coriched
in wax and polynuclear aromatic cores. Detailed analysis of the sample found that two
thirds of the molecules were highly enriched in wax and one-third of the molecules were
dealkylated polynuclear aromatics. NMR analysis found that 67% of the carbons in the
dealkylated polynuclear aromatic molecules were aromatic, and less than 5 wi% of the
carbons in the polynuclear aromatics were in sidechains with >8 carbons. Two thirds of
the aliphatic protons i the polynuclear aromatics were either methyl groups or in CH
and CH, groups attached to an aromatic ring. The fraction highly enriched in wax was
found to contain 20 wt% n-paraffin (unbranched) wax and 10 wt% mono-methyl paraffin
wax., The n-paratfin wax + monomethy! paraffin wax was concentrated in the 800°F-
1000°F (427°C-538°C) boiling range (Cyg to Cy ). Surprisingly, the fraction enriched in
wax also contained a lot of aromatic molecules. NMR analysis of the fraction found that
25% of the carbons were aromatic and 22% of the carbons were epsilon carbons. The
Cuot molecules boiling above 1000°F (S38°C) were enriched in aromatic molecules.

The available analytical data indicates that more than half of the 1000°F+ (538°C+)
molecules are benzene, naphthalene, and three-fused ring aromatics with long side chains

{aromatic waxes).

[38146]  Itis surprising that a relatively sivople, casily separated mixture of molecules
was formed from hydroprocessing of crude oil vacuum resid. The example provides a
method for producing conventional paraftfin wax and an onusual 1000°F+ (S38°C+)

aromatic wax from resid.

[66147] The wax in the BOO°F+ (427°C+) fraction can be separated out by any
convenient method. After separation of the wax, the remaining portion of the 800°F+
{(427°C+) fraction can be used as a low sulfur fuel oil. Based on the 99% sulfur removal,
the amount of sulfur remaining in the product is about 0.03 wt% or less, which is below

the desired target of less than T wit% sulfur for a low sulfur fuel oil. In an alternative
24
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embodiment, the ROQ°F+ {fraction can be used as a low sulfur fuel otl without performing

a prior wax separation.

[G8148]  Iu this example, a distillate product with a boiling range of 300°F (149°Ch o
600°F (316°C) was recycled for use as a solvent. In other embodiments, other distillate
products suttable for use as a solvent include a distillate product where 90 wi% of the
distilate product boils in a boiling range of 300°F (149°C) to 550°F (288°CY; or 300°F
{(149°C) to 600°F (316°C); or 300°F (149°C) to 7S0°F (399°Cy; or 400°F (204°C) to
T50°F (399°C).

[68149] In this exaraple, processes involving conversion of a lower percentage of feed
followed by solvent deasphaliting were compared with processes involving conversion of
a higher percentage of a feed. In this example, processes involving deasphalting were
performed using a configuration similar to FIG. 2 {atmospheric and vacuum distillation
of hydroprocessed effluent follow by deasphalting of bottoms), while a comparative set

of processes were performued using a configuration sivatlar to FIG. 1.

[B0156]  In this example, a resid feedstock was processed under several types of
conditions. The resid feedstock was a 650°F+ (343°C+) resid that contained 110 ppm of
metals, 4.6 wi% sulfur, and 9.75 wit% hydrogen. The 1050°F+ (566°C+) portion of the
resid feedstock corresponded to 42 wi% of the feed. The resid feedstock was used to
form a combined feedstock containing 60 wt% of the resid feed and 40 wt% of
trimethylbenzene as a solvent. The combined feedstock was processed under two types
of hydroprocessing conditions. In a first sct of process conditions, the resid feedstock
was hydroprocessed to achieve about 66% conversion of the 1050°F+ (566°C+) portion
of the feed with TMB solvent that operated for over 100 days at >60% conversion. Ina
second sct of process conditions, the resid feedstock was processed to achicve about §8%
conversion of the 1050°F+ (566°C+) portion of the feed. It is noted that under the
second process conditions, the catalyst deactivated rapidly over 14 days of operation,
indicating that the system was unstable under the higher severity process conditions even

with the aid of the trimethylbenzene solvent.
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[38151]  Table 3 shows the product comparison from various ways of fractionating
products from the two types of processes. In Table 3, the first row is showing the
hydrogen content of the 1050°F+ (566°C+) portion of the feed, so the weight percentage
of 1050°F+ {566°C+} ts 100%. As shown in Table 3, a substantial amount of molecules
with relatively large hydrogen to carbon ratios arc present in the foed, based on the

hydrogen to carbon ratio in the 1050°F+ (566°C+) portion of the feed of 1.43.

[68152]  In order to separate the more valuable (i.¢., higher hydrogen content)
molecules in the 1050°F+ (566°C+) portion of the feed from molecules with lower
hydrogen to carbon ratios, one option 15 to sclect severe hydroprocessing conditions for
processing of the feed, such as conditions suffictent to convert 8% of the 1050°F+
(566°C+) portion of the feedstock. As shown in the final row of Table 3, at 88%
conversion {(which leaves bebind only 12 wt% of 1050°F+ or 566°C+ unconverted feed),
some molecules with higher hydrogen to carbon ratios are still present, but overall the
hydroprocessing is fairly effective at creating an atmospheric resid that contains only
lower value molecules with low hydrogen content, as indicated by the hydrogen to

carbon ratio of .80,

[G8153]  The results from hydroprocessing to achieve 66% conversion of the feed
indicates that the remaining 34% of 1030°F+ (566°C+) material contains some good
guality molecules, as the hydrogen to carbon ratio of 1.37 is not that different from the
1.43 hydrogen to carbon ratio of the 1050°F+ (566°C+) portion of the feed. However,
the 1050°F+ (566°C+) portion {possibly formed as bottors from a vacuum distillation)
can then be exposed to pentane deasphalting in order {o form a deasphalied oil and a Cs
deasphalting residue. After deasphalting, the deasphalted oil fraction (28% of the
original 1050°F+ or 566°C+ matenial in the feed) has a hydrogen to carbon ratio of 1.48.
By contrast, the Cs deasphalting residue (6% of the original 1050°F+ or 5366°C+
material) has a hydrogen to carbon ratio of .89, which 1s similar to the hydrogen to
carbon ratio of 0.8 achieved under the processing conditions suitable for 88% conversion

of the feedstock.
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Table 3 — Hydrogen to Carbon Ratio of Processed Resid Fractions

H/C Wt Yield (1050°F+ / 566°C+)

Resid feed 1050°F+ portion 143 106
656% 1050+ conv 1.37 34
a) 66% 1050+ conv deasphalted oil 1.4% 28.0
b} 66% 1050+ conv Cs deasphalting residue {3.86 6.0
88% 1050+ conversion (.80 12

[68154] Based ou these results, hydroprocessing under lower seventy conditions
followed by deasphalting was able to perform a comparable segregation of low
hydrogen-to-carbon ratio molecules as performing hydroprocessing at much higher
severity. In addition to reducing the hydrogen consumption required for conversion of
the feed, the lower severity hvdroprocessing conditions also allow for greater run

fengths.

Additional Embodiments

[60185] Embodiment 1. A process for producing a hydroprocessed product,
comprising: exposing a combined feedstock comprising a heavy otl feed component and
a solvent coraponent to a hydroprocessing catalyst under effective hydroprocessing
conditions to form a hydroprocessed eftluent, the effective hydroprocessing conditions
including a partial pressure of hydrogen of about 1000 psia (6.9 MPa) or less, a
temperature of at least about 360°C, and a liguid hourly space velocity of the fraction of
the combined feedstock boiling above 1050°F (566°) of at least about 0.10 hr';
scparating the hydroprocessing effluent to form at least a liguid effluent; and
fractionating a first portion of the liquid offluent to form at lcast a distillate product and a
bottoms product, the bottoms product having the bottoms product having an ASTM D86

10% distillation point of at least about 600°F (316°C).

[66186] Embodiment 2. The process of Embodiment 1, wherein the solvent
component comprises a recycle component, the process further comprising recycling a

sccond portion of the liquid cfftuent to form the recycle component.
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[66187]  Embodiment 3. The process of Embodiment 2, wherein the ratio of the
recycle component or selvent component to the heavy oil feed component on a weight

basis is from about 8.3 to about 6.0, such 4s from about 4.5 to about 5.0.

[68158] Embodiment 4. The process of any of the above embodiments, wherein the
effective hydroprocessing conditions coraprise a partial pressure of hydrogen of about
800 psia (5.5 MPa) or less and/or a partial pressure of hydrogen of at least about 400 psia
(2.8 MPa) and/or a partial pressure of hydrogen of at least about 650 psia (4.5 MPa)
and/or a total pressure of about 1000 psig (6.9 MPag} or less, or a total pressure of about

800 psig (5.5 MPag) or less.

[68159] Embodiment 5. The process of any of the above embodiments, wherein the
heavy oul feed coraponent has an ASTM DR6 10% distillation point of at least 650°F
(343°C), such as at least 730°F (399°C), or at least 900°F (482°C), or at lecast 950°F
{(510°C).

[68168] Embodiment 6. The process of any of the above embodiments, wherein the
tiguid hourly space velocity of the fraction of the combined feedstock boiling above

1050°F {566°C) is at least about 0.12 hr'', such as at feast about 0.18 b,

{38161} Embodiment 7. The process of any of the above embodiments, further
comprising performing solvent deasphalting on at least a portion of the bottorns product

to form a deasphalted bottoms product and an asphalt product.

(66162} Embodiment 8. The process of Ernbodirment 7, wherein the effective
hydroprocessing conditions are effective for conversion of from about 58 to about 70%

of the H050°F+ (566°C+) portion of the heavy oil feed component,

[66163] Embodiment 9. The process of Embodiment §, further comprising
perforrmng a vacoum fractionation on at least a portion of the bottorus product to form at
feast a vacuum gas oil product and a vacuum bottors product, wherein solvent

deasphalting 1s performed on at least a portion of the vacuum bottoms product.
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[38164] Embodiment 14, The process of Embodiment 9, wherein the heavy oil feed
component comprises a first heavy oil feed portion and a second heavy oil feed portion,
the method further comprising combining the vacuum bottoms product with the first
heavy otl feed portion prior to solvent deasphalting, wherein the combined feedstock
compriscs the deasphalted bottoms product, the second heavy o1l feed portion, and the

solvent component.

[681658] Embodiment 1. The process of any of the above cmbodiments, wherein the
solvent comprises at least a portion of the distiflate produet, at least 30 wit% of the at
least a portion of the distillate product having 4 botling point in a boiling range of 300°F
(149°C) to 750°F (399°C), or in a boiling range of 300°F (149°C) to 600°F (316°C), or
i1 a botling range of 400°F (204°C) to 750°F (399°C).

[60166] Embodiment 12. The process of Embodiment 1, wherein 10 wt% or less,
and preferably 3 wit% or less, of the at least a portion of the distillate product in the
combined feedstock is converted to components having a boiling point of less than 300°F

during cxposure of the combined feedsiock to the effective hydroprocessing conditions,

[68167] Embodiment 13, The process of any of the above embodiments, wherein the
solvent component coraprises at least one single ring aromatic corapound in which the
solvent has an ASTM D86 10% distillation point of at least 120°C {(248°F} and a 90%

distillation point of not greater than 300°C (572°F).

[66168] Embodiment 4. The process of Embodiment 13, wherein the solvent
compounent comprises ore than ove single-ring aromatic corapound and vone of the

single-ring aromatic compounds has a boiling point of greater than 350°F (288°C).

[38169] Embodiment 15, The process of Embodiment 13 or 14, wherein the solvent
component is comprised of at least 50 wt % of one or more single ring aromatic

compounds.

[66178] Embodiment 16, The process of any of Embodiments 13-15, wherein at least

one single~ring aromatic compound is frimethylbenzene.
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{81711 Embodiment 17. The process of any of the above cmbodiments, wherein the
heavy oil feed component has ASTM D6 10% distillation point of at least 900°F
(482°C}), such as at least 930°F (510°C), the effective hydroprocessing conditions further
comprising a temperature of at least about 420°C, such as at least 440°C, the effective
hydroprocessing conditions being effective for at least about 90% conversion of the
1050°F+ (566°C+) portion of the combined feedstock, and wherein the bottoms product
has an ASTM D86 10% distillation point of at least about 650°F (343°C), such as at least
about 750°F (399°C) or BOO°F (427°C}), a concentration of wax 1u the botioms product
being greater than a concentration of wax in the heavy oil feed component of the

combined feedstock.

[68172] Embodiment 18, The process of any of the above cmbodiments, wherein the
effective hydroprocessing conditions further comprising a temperature of at least about
420°C, such as about 440°C, the cffective hydroprocessing conditions being effective for
at least about 80% conversion of the 1050°F+ (566°CH) portion of the comabined
feedstock, such as at least about 90% conversion, and at least about 75% desulfurization
of the combined fecdstock, such as at least about 80% desulfurization, and wherein the
bottorns product has an ASTM D86 10% distillation point of at least about 800°F

(427°C}) and a sulfur content of about 1.0 wt% or less.

[68173] Embodiment 19. The process of Embodiment 18, wherein the heavy oil feed
coraponent has an ASTM DR6 10% distitlation point of at least 900°F (482°C), such as

at least 950°F.

[68174] The principles and modes of operation of this invention have been deseribed
above with reference to various exemplary and preferred embodiments. As understood
by those of skill in the art, the overall invention, as defined by the claims, encompasses

other preferred embodiments not specifically enumerated herein.
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CLAIMS:

I A process for producing a hydroprocessed product, comprising:

exposing a combined feedstock comprising a heavy oil feed component and a
solvent component to a hydroprocessing catalyst under effective hydroprocessing
conditions to form a hydroprocessed effiuent, the effective hydroprocessing conditions
meluding a hydrogen partial pressure of about 1000 psia (6.9 MPa) or less, a temperature
of at least about 360°C, and a liquid hourly space velocity of the fraction of the

combined feedstock boiling above 1050°F (566°) of at least about .10 hr'’;
separating the hydroprocessing cffluent to form at least a liquid effluent; and

fractionating a first portion of the hquid effluent to form at least a distillate
product and a bottoms product, the bottoms product having an ASTM DR6 distillation
point of at least about 600°F (316°C).

2. The process of claim 1, wherein the solvent component comprises a
recycle component, the process further comprising recycling a second portion of the

hqued effluent to form the recycle component.

]

3. The process of claiva 2, wheretn the ratio of the recyele coraponent to the

heavy oil feed component on a weight basis s from about 0.3 to about 6.0.

4. The process of any of the above claims, wherein the effective
hydroprocessing conditions comprise a hydrogen partial pressure of about 800 psia (5.5

MPa) or less.

3. The process of any of the above claims, wherein the cffective
hydroprocessing conditions comprise a total pressure of about 1000 psig (6.9 MPag) or

less.

6. The process of any of the above claims, further comprising performing
solvent deasphaliing on at least a portion of the bottoms product to form a deasphalted

bottoms product and an asphalt product,
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wherein the effective hydroprocessing conditions are effective for conversion of
from about 50 to about 70% of the 1050°F+ (566°C+) portion of the heavy oil feed

component.

7. The process of claim 6, further comprising performing a vacuum
fractionation ou at least a portion of the botioms product to form at least a vacuum gas
oil product and a vacuum bottoms product, wherein solvent deasphaliting is performed on

at least a portion of the vacuum bottoms product.

8. The process of claim 7, wherein the heavy oil foed corponent comprises
a first heavy o1l feed portion and a second heavy oil feed portion, the method further
comprising combining the vacuum bottoms product with the first heavy oil feed portion
prior to solvent deasphalting, wherein the combined feedstock comprises the deasphalted

bottoms product, the second heavy oil feed portion, and the solvent component.

9. The process of any of the above claivas, wherein the solvent coraprises at
least a portion of the distitlate product, at least 90 wt% of the at least a portion of the
distillate product having a boiling point 1o a boiling range of 300°F (149°C) to 750°F
(399°C),

and wherein 10 wt% or less of the at least a portion of the distillate product in the
combined feedstock is converted to components having a boiling point of less than 300°F

during exposure of the combined feedstock to the effective hydroprocessing conditions.

18, The process of any of the above clairos, wherein the solvent component
compriscs at least one single ring aromatic compound in which the solvent has an ASTM
DR6 10% distilation point of at least 120°C (248°F) and a 30% distillation point of not
greater than 300°C {(572°F).

11, The process of any of the above claims, wherein the solvent component
comprises more than one single-ring aromatic compound and none of the single-ring

aromatic compounds has a boiling point of greater than 5S0°F (288°C).
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12, The process of any of the above claims, wherein the solvent component s

comprised of at least 50 wt % of one or more single ring aromatic compounds.

13, The process any of the above claims, wherein the at least one single-ting

aromatic compound is trimethylbenzene.

14.  The process of any of the above claims, wherein the heavy oil feed
component has ASTM D86 10% distillation point of at lcast 900°F (482°C), the effective
hydroprocessing couditions further comprising a temperature of at least about 420°C, the
cffective hydroprocessing conditions being cffective for at least about 90% conversion of

f

the 10S0°F+ (566°C+) portion of the combined feedstock,

and wherein the bottoms product has an ASTM D86 10% distillation point of at
least about 650°F (343°C), a concentration of wax in the bottoms product being greater

than a conceniration of wax 1u the beavy o1l feed component of the combined feedstock.

15, The process of any of claims 1-13, wherein the effective hydroprocessing
conditions further comprise a temperature of at least about 420°C, the effective
hydroprocessing conditions being cffective for at least about 80% conversion of the
H0SO°F+ (566°C+) portion of the cornbined feedstock and at least about 75%

desulfurization of the combined feedstock,

and wherein the bottoms product has an ASTM D86 10% distillation point of at

least about SO0°F (427°C) and a sulfur content of about 1.0 wi% or less.

16, The process of any of the above claims, wherein the heavy oil feed

coraponent has a sulfur content of at least 3 wt%.

17. The process of any of the above clairns, wherein the liquid effluent has a
sulfur content of less than 5 wi% of the heavy oil feed compounent and has a metals

content of less than 5 wt% of the heavy oil feed component.
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18, The process of any of the above claims, further comprising performing a
vacuum fractionation on at least a portion of the bottoms product to form at least a

vacuurn gas oil product and a vacuurn bottoms product, and

producing a Bunker C Fuel Gil containing less than 1 wi% sulfur from at least a

portion of the vacoum gas oil product.



